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FOREWORD 

Where possible in  this  report ,  without ser iously impeding understanding, 

brevity i s  honored; f o r  additional detail  the r eade r  i s  r e fe r r ed  to C A L  

P r o g r e s s  Reports IH-1525-P, 1 through 4. 
objectives and major  conclusions can be  obtained f rom this  document by 

reading the Introduction (Section I), General Operation of the Wind Measure-  

ment System (IN), and the Summary (V). 

examine those portions of the text proper  and appendices that a r e  of par t icular  

individual in te res t .  

A coherent synopsis of project 

The r eade r  then may choose to  

A project  of the scope involved necessarily r e l i e s  on many people of 

ra ther  specialized capabilities. The following individuals, in  addition to those 

whose names  appear  on the cover page, head the list of major  contributors to  

proj  ec t accomplishment s: 

Roddy R. Rogers  - Radar Wind-Measurement Concepts 

Anthony J. Chimera - Radar Instrumentation 

Donald Rhoade. - Flight P r o g r a m  Supervision 

Irving Osof sky - Chaff and Smoke Dispenser Instrumentation 

Valuable ass i s tance  was  provided by personnel of the George C .  Marshall ,  

Space Flight Center (NASA) in  the f o r m  of wind data f rom smoke trails and 

rockets,  analysis  of project  smoke-trail  experiments,  and computer programming 

service.  

project  monitors ,  offering substantial ass is tance and constructive comment 

during the course  of the investigation. 

William Vaughan and J a m e s  Scoggins of NASA served as sponsor 

iii IH-1525-P-1 



ABSTRACT I 

Resea rch  was performed on the meteorological interpretation of Doppler 

radar-chaff concept does not feature the simplicity and economy of m o r e  

s tandard wind measurement  techniques, it does offer in unique fashion the 

Exploratory field experiments conducted with a single r ada r  of 

mode st performance charac te r i s t ics  established the feasibility of Doppler 

r ada r  as a device for  high resolution wind measurements .  

fur ther  to help define des i red  operating features of the ultimate sys tem.  

Comparative measurements  of mean wind velocity were  obtained with the 

Doppler r a d a r ,  by smoke trail photography, and by s tandard radiosonde 

methods.  

The t e s t s  se rved  
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I. INTRODUCTION 

To achieve maximum performance, mi s s i l e  designers  have resor ted  to 

s lender ,  flexible configurations for modern launch vehicles. Contemporary 

configurations of this so r t  a r e  subject to aeroe las t ic  difficulties that a r e  

expected to be even m o r e  cr i t ical  with the l a rge r  vehicles anticipated in the 

next generation of boosters.  To obtain a real is t ic  evaluation of the s t ruc tura l  

integrity and control charac te r i s t ics  of a booster ,  it is necessary  to s t d y  the 

complete vehicle and i t s  se rvo  system within its flight environment. 

Fluctuations in wind velocity encountered by a mis s i l e  along i ts  t ra jec tory  

constitute a prominent environmental source of deflection and a stimulus of v ibra-  

tion. 

jectory can ac t  in  a d i rec t  manner by producing aerodynamic forces  on the 

booster ,  and in a n  indirect  manner  by providing abrupt  inputs to the vehicle se rvo  

sys tem thereby introducing stimulating forces f rom within. 

The component of these fluctuations in a direction perpendicular to the tra- 

Booster designers  have long recognized the need for s ta t is t ical  information 

on the wind field that may  be encountered by their  vehicles so  that they may  

anticipate s t ruc tura l  loads and guidance problems. At time of launch, wind 

field information is required to be certain that design charac te r i s t ics  a r e  not 

exceeded. Ther performance of space vehicles a f te r  launch may be influenced 

by wind s t ruc ture  aloft, p r imar i ly  by vertical  wind shea r  - the change in hor i -  

zontal wind with altitude The conception and evaluation of a method for 

providing the necessary  wind information was the subject of this program. 

Conventional wind sampling techniques were  not considered adequate to 

m e a s u r e  the wind with sufficient spatial  resolution, accuracy and rapidity for 

mis s i l e  response purposes.  Consequently, the Cornel1 Aeronautical Laboratory 

was engaged by NASA (Contract No. NAS8-1520) to develop an  advanced wind 

measurement  concept employing Doppler r ada r  and chaff tracer. The objec- 

tive was to formulate a sys tem capable of measuring winds at 30 m e t e r  intervals  

up to a n  altitude of 15 km, with a probable e r r o r  accuracy of 1. 5 m/sec-'* and 
.L 

::'While 1. 5 m / s e c  represents  the contractual requirement ,  efforts were  aimed 
at achieving an  accuracy of 0. 5 m / s e c .  

1 IH-1525-P-1 



within approximately 30 minutes.  

wind shear  values over des i red  height increments  can be calculated. 

objectives involved study of the wind-structure interpretat ions of Doppler 

frequency spec t ra  and the procurement  and analysis of high resolution wind 

and shear  data with a Doppler r ada r .  

F r o m  such point velocity measurements ,  

Allied 

An operational sys tem that might evolve f rom the concept formulation 

w a s  to be considered for  use  at Cape Canaveral  to  provide: 

a. Statist ical  data on the detailed s t ruc ture  of atmospheric motions 

for  establishing s t ruc tu ra l  and control design c r i t e r i a  of space 

vehicles. 

Monitorship of wind conditions aloft in support  of space vehicle 

f i r ings .  

Data f o r  interpretation of post flight space vehicle behavior and 

t e s t  evaluation. 

b. 

C .  
J. *r 

rl. *r 
Due to increased program emphasis  on obtaining wind velocity with a probable 
e r r o r  of 0. 5 m e t e r s  p e r  second for  a th i r ty-meter  altitude interval ,  and the 
project  requirements for  a relatively complex ground r a d a r  installation at 
Cape Canaveral, the sponsor  has  abandoned the plan f o r  installation of such an  
operational system at this time. 

IH-1525-P- 1 2 



11. SYSTEM CONCEPTS 

1 A. GENERAL OPERATION O F  THE WIND MEASUREMENT SYSTEM 

The conceptual wind measuring system' formulated during this program 

is illiisti-ated iii F i g u r e  1 .  

motion of chaff dipoles introduced into the atmosphere via  a rocket-borne chaff 

dispenser .  

during f r e e  fall of the chaff dispenser  payload. 

involved, chaff responds faithfully t o  wind motions, these motions giving 

r i s e  to corresponding frequency shifts of each viewing Doppler radar .  

It Lorisisis uf  twv Doppler r a d a r s  that observe the 

I 
A continuous column of chaff f rom 15 k m  to  ground is  produced 

Over the altitude regime 
2 

The r a d a r s  a r e  separated by a distance of approximately 25 km with the 

chaff t a rge t s  a t  varying ranges f rom the r a d a r s  of 10 to 50 km. 

range to the  reflecting column and the pointing direction of both antennas, 

information necessary  to compute horizontal wind velocity (speed and direction) 

f rom radia l  velocity components i s  available. 

Knowing the 

The la t te r  triangulation pro-  
I cedure,  and overal l  system accuracy,  a r e  improved i f  the two r a d a r s  a r e  

programmed to scan the same altitude at  the same t ime.  

chaff column i s  des i red  to  eliminate tracking confusion and to facilitate 

automatic operation of the antennas. In addition to providing information on 

horizontal  wind velocity, the spectrum of Doppler frequencies observed can 

be interpreted so as to provide a measure of turbulence. 

Continuity of the 

I 

The two r ada r s  operate  at frequencies in the X-band and employ 45 to 

60 ft. antennas to achieve fine spatial  resolution. 

provide 100 to 200 kw peak power with variable pulse durations of 0. 1 to 2 . 0  

microseconds and a pulse repetition frequency of approximately 12,000 p e r  

second. 

suitably offset signal f rom the t ransmit ter  m a s t e r  osci l la tor  as the coherent 

local osci l la tor  signal i s  used at each site for  the wind velocity measurements .  

The coherent t r ansmi t t e r s  
I 

A coherent receiver  having a c rys ta l  mixe r  front end and using a 

The received signal f rom the illuminated volume of each r ada r  i s  t reated 

in three  .different ways to  determine a "median" wind, wind variance,  and the 

complete velocity spectrum. The frequency spectrum a t  each altitude i s  

3 iH,- 1525 -P- 1 



processed  in  real  time to determine the median velocity and the variance,  and 

this information i s  displayed as well  as tabulated for  immediate observation 

by the operator.  

f rom the median velocity vs.  altitude data. 

used to  detect fluctuations in re turn  signal power and hence provide a measure  

of wind variability. The complete spec t rum,as  determined with a frequency 

f i l t e r  bank, is  recorded on magnetic tape (with simultaneous target  position 

information) for subsequent analysis of turbulence as warranted.  

Wind Shear  values for  scale  heights of in te res t  a r e  calculated 

An analog device (R-meter )  is  

A two-radar concept must  assume that ver t ical  air motions of a steady 

(non-turbulent) nature  a r e  insignificant. A third r ada r  would be necessary  

to construct the three  dimensional s t ruc ture  of winds aloft. The added com- 

plexity did not appear justified in view of NASA's operational requirement 

and the fact  that large-scale  ve,rtical velocities in excess  of, say, 0. 3 m / s e c  

occur  infrequently , 3 

Subsequent sections of Part 11 of this  report  will deal with the sampling 

techniques, data analysis procedures ,  and equipment performance specifi- 

cations required to meet  the following system capabilities: 

a. 30 m altitude sampling intervals  to 15 km 

b. 0.5 to 1 .5  m /  sec  accuracy in  the measurement  of wind velocity 

over the velocity range 0. 5 m / s e c  to 90 m / s e c .  

c. construction of the entire wind profile within 30 minutes 

d. all-w eathe r, day -night mea s u r  ement 

B. TYPES O F  WIND MEASUREMENT AND MEASUREMENT PROCEDURES 

1. Median Dotmler Freuuencv Measure 

As discussed in Progress .  Report No. 1 (Reference 4), a measure  * 
of median Doppler frequency (i. e. of median wind velocity) 

than a mean frequency measurement  both f r o m  the standpoint of combining 

is more  t ractable  

* 
The t e r m s  median frequency and median velocity will  he rea f t e r  be used 
synonomously. 

4 

L 
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radial  velocity components and f r o m  the standpoint of simplicity of electronic- 

sensors .  

wind velocity in the sampled volume a r e  generally equivalent. ) It was  a l so  

shown 

to the radial  corn-ponent of the wind speed at the m-id-altitude level of the 

sampled volume, provided (1) the vertical distribution of chaff i s  uniform 
within the sampled volume and ( 2 )  the wind v a r i e s  monotonically (always.  

increasing o r  always decreasing)  with altitude within the sampled volume. 

Calculations indicate that an order-of-magnitude variation in  the ver t ical  

concentration of chaff within the sampled volume would be  tolerable i f  the 

ver t ical  dimension of the r ada r  beam a t  the half power points is  l e s s  than 

approximately 100 m. 

X-band, out to a range of approximately 50 km. ) 

(Numerically, the values of the median wind velocity and the mean 

4 analytically that the median frequency of the returned signal is equal 

(This  condition can be met with a 60-foot antenna at 

F r o m  spa r se  wind s ta t i s t ics  available, it was est imated that the 

wind profile will generally be monotonic, and that occasional nonmonotonic 

distributions within a 100 m interval  will not introduce significant measu re -  

ment  e r r o r .  

will be exceeded only 1% of the t ime)  as  a function of height increment  in 
the 10-14 km altitude region was extrapolated f r o m  data in Reference 5 and 

appears  below. 

The approximate 99% probability wind shea r  (wind shea r  that  

Height Increment 9 9 70 W in d V a ria t i on s 

30 m 3 m / s e c  

60 m 7 

90  m 9 

On the bas i s  of these extreme shea r s  and l imited smoke trail data (Section IIF), 

i t  appears  that  nonmonotonic wind variations of as much a s  1. 5 m / s e c  within 

the relatively smal l  height interval involved would be r a r e .  

The Doppler spectrum of wind as  sensed by an X-band radar  may 

vary  f rom a few to severa l  hundred cycles in width depending on atmospheric  

conditions. 

the frequency that divides the total power in the spectrum into two equal pa r t s .  

The problem is to determine the median of the spectrum, i .  e . ,  

7 111- 1 5 2 5 -  L’- z 



It is  conceptually possible to tune a pa i r  of slightly overlapping f i l t e rs  having 

a total bandwidth l a r g e r  than the spectrum bandwidth in such a manner that 

equal power passes through each f i l ter .  

This tuning procedure i s  impract ical .  It -- i s  pract ical ,  however, to 

shift the spectrum so that the median Doppler frequency always corresponds 

to  the frequency of overlap of a pa i r  of fixed-tuned f i l t e rs .  The apparatus 

suggested fo r  obtaining the median frequency is  depicted in block diagram 

form in Figure 2.  

frequency oscil lator and fed to  the two f i l t e rs .  

f i l ter  i s  subtracted f rom that of the other to provide a n  e r r o r  signal to control 

the frequency of local osci l la tor  #2 in such a manner  as to remove the 

imbalance in  filter output. 

frequency i s  equal to the difference between a fixed offset frequency and the 

median Doppler shift, as indicated in  F igu re  3. To avoid ambiguity in wind 

measurement ,  the offset frequency must  be chosen to correspond to wind 

speeds higher than can be  sensed by the sys tem.  

The received signal is  mixed with the output of a variable 

The total  power output of one 

This condition can exist only i f  local oscil lator #2 

2 .  Measurement of Wind Variance 

A s  in the case  of estimating the median wind velocity, analog 

techniques are available for  real- t ime es t imates  of the var iance of the 
6 

velocity distribution. One such technique involves use  of an  R-meter ,  a 

device for  measuring level crossings of the returned signal power. When 

f i r s t  received by a Doppler r ada r ,  the signal pulses  c a r r y  amplitude and 

phase modulation, 

the power conveys information concerning the motion of s ca t t e r e r s ,  and 

that the r a t e  of level crossings of the power depends upon the var iance ( 0 1 
of the velocity distribution; the R-meter  measu res  this  r a t e  and thus can be 

used to measure the variance of the velocity distribution. 

It has  been shown6’ that the amplitude modulation of 

a 

It also appears  possible to measu re  the var iance by counting level 

crossings of the complete received signal. 

of c ross ings  of a t ime function is directly re la ted to  the second moment of 

the power spectrum of the function. 

probability density, as is  the c a s e  fo r  the Doppler spec t r a  in  question, then 

the second moment i s  the mean square frequency. The var iance can then be 

obtained by subtracting the square  of the mean frequency f rom the mean square  

frequency . 

It i s  known that the mean number 

8 If the spectrum is interpreted as a 

8 PH-1525-P-1 
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The variance,  which provides a measure  of the spread of velocities 

about the mean, would appear influential in miss i le  response charac te r i s t ics ,  

especially as crit ical  mean wind conditions a r e  approached. 

3. Entire Doppler Spectrum Construction 

The determination of the complete Doppler spectrum under r a r e  

non-monotonic conditions f o r  "beam sharpening" purposes o r  for  turbulence 

observations,  necessi ta tes  more  information about the actual  velocity spectrum 

than that provided by the median frequency and the variance.  (We have used 

the t e r m  "beam sharpening" to character ize  a data analysis procedure which 

yields high resolution resu l t s  like those which would be achieved with a 

narrower beam. It will be shown in Section IIF that such a technique for  

achieving higher spatial  resolution is  probably not required: however; its 

development constituted a useful step in  understanding the full nature  of the 

wind measuring system. ) 

The spread in  the measured spec t ra  may be due to either wind 

shear  o r  turbulence in  the sampled volume. 

the turbulence component involves a calculation, f rom a sequence of measure-  

ments of median velocities, of the wind shear  component of the total variance.  

The difference between this calculated wind shear  variance and the total  

measured variance can be attributed to turbulence. 

i t  i s  shown that the variance caused by a constant wind shear  ac ross  a circular  

beam i s  

One useful method for  isolating 

4 In P r o g r e s s  Report 1, 

(111. 1 )  

Where AL' is the difference in  median wind components between 

the top and the bottom of the sample volume. 

to it derived for a different beam pat tern o r  for non-linear shea r s )  can be 

used to compute the variance due to shear .  

This equation ( o r  one s imilar  

The design goal for  accuracy in  individual components of the system 

was established at a velocity equivalence of 0 .5  m / s e c .  

this corresponds to a frequency of approximately 30 cps.  

resolution was demanded in  the construction of each frequency spectrum. 

F o r  X-band radar ,  

Consequently, 30 cps 
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Doppler spec t r a  of wind motions over  a one hundred meter-high 

sampling volume a r e  typically l e s s  than 200 cps wide. 

shea r  data of Reference 5, the maximum (99%) shea r  to be anticipated in such a 

pencil beam would cause a spectrum width of 600 cps (approximately a 10 m / s e c  

shear  over  a 100 m high beam).  To provide for  inclusion of turbulence e f fec ts ,  

the design - l imit  for  frequency spread  was s e t  at 1200 cps.  

in analyses  of data processing and required sampling t imes  ( P r o g r e s s  Report l ) ,  

digital techniques for presenting the frequency spec t r a  involve t imes  that a r e  

prohibitively long. 

According to the wind 

A s  has  been shown 

The suggested method f o r  constructing an  en t i re  frequency spectrum, 
shown in  F igure  4, employs analog data reduction eqdipment together with 

digital recording apparatus.  F o r  a maximum 1200 cps spectrum width and 30 

cps resolution a t  all frequencies,  a total of 40 f i l t e r - in tegra tors  is required.  

The spectrum determination takes place during the required sampling t ime 

(about 2 seconds).  Data emanating from the suggested apparatus will contain 

information about the distribution of wind velocit ies around the median. 
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4. Reauired Samding. Time of the Radar 

In principle, the complete analysis of any spectrum, i. e. , an 

analysis providing the exact amount of power present  at every frequency, 

would require  an infinitely long sample.  

es t imate  the power within any given frequency band with a precision de ter -  

mined by the length of record.  Blackman and Tukey’ considered this problem 

for bandpass-limited Gaussian noise (approximated by our  Doppler spec t ra )  

and derived the following approximate relationship: 

In pract ical  ca ses  it is  possible to 

(111. 2 )  

where J, = duration of the signal, in seconds 

R = frequency resolution, in  cps 

E = 90% confidence interval of a spec t ra l  es t imate ,  in db 

corresponds to the length of t ime the antenna i s  permit ted to l inger at one 

position; Edesc r ibes  the e r r o r  (in db) of a spec t ra l  estimate;  R i s  frequency 

resolution, which can be expressed as velocity resolution. 
-1  ent i re  spectrum with a velocity resolution of 0. 5 m s e c  

es t imates  occupying an interval of f 1 db, i. e .  , falling within 1 db of the 

actual value, then the required sample t ime would be 

To measure  the 

and with 90% of the 

Therefore, a 1 . 7  second sample at each altitude interval of in te res t  

will a s s u r e  that 90% of the est imates  of the spec t ra l  components ( 3 0  cycles 

wide) will be within 1 db of the actual power value. 

required wherever detailed spectrum analysis is desired.  

ent i re  15 km column at this  rate, which is  unreal is t ic  but represents  the 

limiting condition, would require  approximately 15 minutes exclusive of 

tracking t ime. 

Such a dwell t ime i s  

To sample the 

1 2  IH- 1525 -P- 1 
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I Consideration must be given to the minimum r a d a r  sampling t ime 
~ required to  obtain reliable measu res  of median frequency, the principle system 

measurements  f rom which wind shear  can be calculated. 

Tukey equation can be applied a s  before in conjunction with the proposed twin- 
f i l t e r  median sensor .  The resolution element i s  the spectrum width, since each 

f i l t e r  bandwidth is  grea te r  than this value. Fur ther ,  since the single frequency 

is des i red  that divides the total power in the spectrum into two equal pa r t s ,  

the t ime required to choose this frequency within a given confidence interval 

will  depend upon spectrum shape. 

shapes w e r e  made, with the Gaussian distribution, the shape most  representa-  

tive of observed wind data, being treated below. 

The Blackman and 

I 

Calculations for  severa l  idealized spec t ra l  

1 FREQUENCY f 

Figure 5 GAUSSIAN VELOCITY SPECTRUM AND TWIN FILTERS 

F I L T E R  1 F I L T E R  2 
I I r - - - i; - --- Ax--g---- - - 

\ \ 

I 

Using the notation of Figure 5, one obtains power f Z  P (f =H e x p  (- -) 20- 
Charac ter i s t ics  of two f i l ters ,  which transmit powers denoted by { and 

in te rsec t  at frequency f, . Thus, 

13 IH- 1525 -P- 1 



The change of variable ;z: =; f 
(7- 

leads to 

i s  the Gaussian function, integrals  of which a r e  -a where g & ) = -  
tabulated. 

The rat io  of powers passed by the two f i l t e rs  i s :  
f +& 

(111. 3)  

. F o r  example, i f  f, = 30 cps 6 Thus, the ratio of powers depends upon 

(corresponding to  0 . 5  m sec  
7 

- 1  for  X-band r a d a r )  and P = 100 cps,  

= A 6 2  
? -  0.6179 - -  

1-0.6J79 z 

The effective width of each f i l ter  i s  a s sumed  to  be at leas t  30-- 

(to include 99.770 of the power within the frequency spectrum) so that the 

resolution of each f i l ter  in this  case is about 300 cps. 

appropriate values in expression (111. Z ) ,  the required sampling t ime 

Then, inser t ing 

IH- 152,5 -P- 1 14 



Thus, i f  the f i l t e r s  a r e  allowed to  integrate for 0. 15 sec  on a spectrum of 

Gaussian shape and standard deviation of 100 cps,  the indicated median will 

be co r rec t  to  within * O .  5 m sec  
-1 for  90% of the measurements .  

F igure  6 is  a plot of required sample t ime for  various values of G 

to insure  this  s a m e  accuracy. 

is suitable shor t  ( l e s s  than about 0. 3 sec p e r  sample),  such that a complete 

median velocity profile could be sampled in two to three  minutes, exclusive 

It can be seen  that the required sampling t ime 

of t r i ck ing  t ime. 

0 20 40 . 60 80 100 120 1W 160 180 200 

FREQUENCY SPECTRUM STANDARD DEVl ATlOW d (CPS)  

F igure  6 REQUIRED RADAR SAMPLING TIME AS A FUNCTION OF FREQUENCY SPECTRUM 
WIDTH TO OBTAIN MEDIAN VELOCI JY MEASUREMENTS WI M AN ACCURACY OF 
0.5 MJSEC 

5. Radar  Tracking Procedures  

I One of the important functions of the system is contained in i t s  

Two major  conditions must be satisfied in automatically tracking mode. 

tracking the "vertical" column of chaff with r ada r .  

be programmed to t r ack  vertically up or down the column without being 

Both r ada r s  must  f i r s t  

15 IH-1525-P-1 



confused by slope of the column o r  i r regular i t ies  in  chaff concentration. 

Secondly, the radial wind components f rom the "common" volume sensed by 

the two r ada r s  must be combined to  yield the total horizontal wind vector.  In 

principle th i s  second aim can be met  electronically by slaving one r ada r  with 

an auxiliary receiver to the portion of the column illuminated by a mas te r  

radar ,  an  interesting approach which was rejected in  favor of programming 

the two r ada r s  (via slant range and elevation angle data) to observe the same 

altitude level.  

The la t ter ,  recommended, procedure for tracking at the programmed 

altitude is illustrated in Figure 7 .  The operation of the controlled altitude 

method can be visualized by f i r s t  imagining the radar  directed a t  the chaff 

column at a predetermined altitude of interest .  

provide the azimuth and elevation information necessary  to force the antenna 

to point at the region of maximum rada r  c ros s  section, which is drifting with 

the wind. Suppose now that a region of even grea te r  chaff concentration exis ts  

at an altitude A + A A  , The tracking system would seek that location, at the 

incorrect  altitude, unless otherwise controlled. The necessary  control can be 

provided by sampling the column only at the prescr ibed  altitude of in te res t ;  

i. e . ,  the range gate must be controlled to satisfy 

The tracking receiver  will  

Therefore ,  after prescribing A , we must  sense 5ifl % perform the neces-  

s a r y  calculation of R and adjust the range gate of the tracking receiver  accord-  

ingly. 

center of the sampled volume, i t  will invariably produce an e r r o r  signal 

indicating the need for a direction change. 

the beam, the azimuth angle will be changed and no change in range will be 

required.  If some component of the wind i s  in the direction of the beam, which 

represents  the general  case,  an  elevation angle change will be indicated. This 

change in  4 w i l l  be sensed and will automatically cause the necessary  change 

in  range f o r  the next observation. 

be obtained by feeding the predetermined values for  ,4 
the des i red  rate. 

A s  the region of maximum rada r  c r o s s  section dr i f t s  away f r o m  the 

When the wind i s  perpendicular to 

The specified alt i tudes of observation will 

into the computer at 

16 

~- 
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A possible variation of this  programmed altitude method involves 

tracking in  range rather  than elevation angle and then computing # for  fixed 

values of altitude A . 
Field evaluation of the programmed-alt i tude tracking concept i s  

required,  with a modified tracking r ada r  of the M-33 c lass  considered suitable 

for  the task.  

scan fea tures  necessary fo r  azimuth and elevation tracking of the chaff column. 

In addition it is equipped with a range tracking apparatus  that includes altitude 

readout, a computer, and a se rvo  that can be adapted for  use  in  the programmed- 

altitude tracking system. 

The M-33 tracking radar  is a l ready equipped with the conical 

This method of matching altitude planes of both r a d a r s  with a common 

program must take into account refractive index variations of the atmosphere 

and antenna pointing accuracy.  

given in the system e r r o r  analysis  (Section IIG).  

be exceeded i f  s tandard correct ive procedures  for  index of refraction effects 

a r e  adopted and i f  s tr ingent,  antenna pointing accuracy i s  specified. 

Es t imates  of height e r r o r s  so induced a r e  

Tolerable e r r o r  should not 

C. CALCULATION OF THE TOTAL WIND VECTOR 

FROM RADIAL COMPONENTS 

In order  to measu re  the total wind vector ,  it is  necessary  to combine 

two components measured  in  a common sampled volume. 

direction of the total  wind vector at a par t icular  altitude will b e  calculated 

f rom the following quantities: 

The magnitude and 

(1) azimuth angles of two r ada r s  illuminating a common region 

( 2 )  elevation angles of two r ada r s  illuminating a common region 

(3) radial component of velocity measured  by these  r a d a r s  

(4) the fa l l  velocity of chaff, which i s  known approximately ( see  
Section IIE) 

Geometry f o r  the problem is presented in  F igu re  8. At point P at - 
altitude h above the surface,  the horizontal wind vector is presented by v ,  . 
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RADAR 2 RllDAR 1 

Figure 8 THE RADAR QEOMETRY 

The ver t ica l  component of the chaff's velocity is TF 
velocity vector  v' of the chaff is  given by 

, so that  the total 

I 
I Azimuth and elevation angles f rom the two r a d a r s  to point P a r e  g iven  by 
I 6' and # with subscr ip ts  denoting the appropriate  r ada r .  Td makes the 

azimuth angle cx with the f i r s t  radar  and with the second. Let V;' 

and V2 be the velocit ies measured at  the two s i tes .  Then w e  can wr i te  

~ 

/ 

(111. 4) 
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where  l$ and fH a r e  magnitudes of % and v;, , and a measured  velocity 

is  seen to  be positive for  motion toward the r ada r .  

? =  (8, + e2 - a) .  

and 

and a . 

F r o m  the figure note that 

U,' and The r ada r  angles a r e  measured  along with 4' , 
vf is  known, so that the system (111. 4) therefore  has  two unknowns: 

It is convenient t o  eliminate the t e r m s  containing the chaff fall velocity 

by subtracting the correct ion for fall velocity f rom the raw data  as a n  init ial  

s tep in  the calculation. This  leads to radial  velocit ies 

(111. 5) 

When the expression relating S to i s  substituted into Equations (111. 5) 

they can be solved for the des i red  horizontal wind velocity l$, to yield 

Alternately, the angle d can be obtained f rom (111. 5): 

The formulas  (111. 6) and (111. 7),  o r  s imi l a r  expressions,  must  be programmed 

in the sys tem since they give the magnitude and direction of the total  wind vector 

in  t e r m s  of measured quantities. 

D. RADAR REQUIREMENTS 

A summary of the major  r ada r  cha rac t e r i s t i c s  required to  meet the 

objectives of the wind sensing system appears  below. 

20 IH- 1525 -P- 1 



Table 1 

DOPPLER RADAR CHARACTERISTICS 

Radar Peak Power 

Wavelength 

PRF 

Pulse  Length 

Signal-to-Noise Ratio 

100 kw 

X-band ( 3  cm) 

Up to 12, OOO cycles/  sec 

0. 1 to 2. 0 microseconds 

20 

Antenna Size (Maximum Dimension) Option 1 Option 2 

60 feet 45 feet 

0. 1" Vertical  0. 143" Vertical  

1. 0 " Horizontal 0.45 O Horizontal 

Beam Dimensions (half power points) 

1. Recommended Antenna Specifications 

The antennas initially visualized for  use in the Wind Shear system were  

60-foot height-finder dishes having a 1O:l eccentricity,  with a ver t ical  3-db beam- 

width of 0. 1"  and a horizontal beamwidth of 1. 0". 

of the beam reduces horizontal tracking difficulties and inc reases  the total sample 

volume, while not degrading system accuracy; the increased sample volume a s -  

su res  observation of a sufficient number of chaff dipoles to provides a good s ta-  

t is t ical  measure  of the wind within a given altitude increment.  

nitude difference in  .beam dimensions i s  in keeping with the scale of quas i -pers i s -  

tent wind variations (in the horizontal and ver t ical  directions) observed in the 

atmosphere.  

The wide horizontal dimension 

This o rde r  of mag- 

The ver t ical  dimensions of the resolution element for  such an antenna 

and a 0 . 2  microsecond pulse length a r e  shown as a function of range in F igure  9.  
Pulse  lengths up to  two microseconds are a l so  provided so that adequate signal 

strength and wind s ta t is t ics  can be obtained f rom extremely diffuse t r a i l s  during 

unusually long observations o r  under very turbulent conditions. The large an- 

tenna dimension se rves  to r e s t r i c t  the vertical  dimension of the beam to about 

90 m at a range of 50 km, By limiting the beam height, one increases  the pr-,b- 

ability of sampling only monotonic wind variations, .whereby the median frequenc y 

sensor  yields the wind velocity at the center of the beam. 
c -  
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It is recognized that 60-ft antennas, which, more  adequately than 

smal le r  antennas, approach the desired spatial resolution, constitute ra ther  

complex apparatus.  Consequently, the performance charac te r i s t ics  of a 

more  compact 45 ft. (by 15 ft. ) antennawere a l so  considered. A detailed 

analysis -Was made of both classes of antennas in  terms of desired:  

a. Boresight and pointing accuracy 

b. 

c .  

Elevation and azimuth tracking r a t e s  

Tracking pat terns  compatible with the constant-altitude 
scan technique 

Response to  antenna wind loading and differential heating effects. d. 

It w a s  concluded that an antenna of e i ther  s i ze  could be  developed to  sat isfy 

system performance requirements ,  but that the extent of equipment development and 

subsequent field maintenance involved would markedly favor the 45 ft. antenna. 

The r e su l t s  of the antenna evaluation a r e  incorporated in  a set  of recommended 

r ada r  charac te r i s t ics  attached a s  Appendix A.  

2. Cohe rent X -band Transmi t te r  - Re c eive r 

A pulsed-Doppler system with range gate facility is shown in  F igure  10, 

In this  recommended system, the return signal is converted to  I F  and passed 

through an amplifier.  

g ra l  pa r t  of the IF amplif ier)  before final mixing to the des i red  frequency where 

Doppler detection takes  place. 

The IF amplifier output is then gated (this may be an  inte-  

Pulsed-Doppler r a d a r s  have the same bas ic  problems of t ransmi t te r  

stability as do C W  rada r s .  These problems a r e ,  i n  fact, common to any coherent 

system. In the receiving system, c a r e  must be taken to  provide sufficient dynamic 

range and to maintain l inear i ty  over this range so a s  to avoid intermodulation pro-  

ducts which spread the signal spectrum and de ter iora te  the signal-to-noise ratio.  

The following i tems  a r e  of particular concern in the wind sampling 

tasks  involved; 

2 3  IH- 1525 -P- 1 
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a. A minimum pulse width of 0. 1 ,U sec  i s  des i red  to r e s t r i c t  the 

s ize  of the sampling volume when high (spatial) resolution wind measurements  

a r e  desired.  

b. A high pulse repetition rate of 12 kc will accommodate winds of 

90 m / s e c  (maximum unambiguous velocity detection = 1 / 2  PRF) .  

c. Power outputs of 100 kw peak and 2 . 4  kw average will a s s u r e  ade-  

quate signal re turn  f rom chaff s ca t t e r e r s  over  the operating conditions and ranges 

envisioned. Because of the high duty cycle (and average power) required,  ordinary 

T-R  ( t ransmi t - rece ive)  tubes probably w i l l  not be satisfactory.  

have been suggested because of their  very rapid recovery t ime.  

F e r r i t e  devices 

A block diagram of the proposed configuration is  shown in F igure  11. 

A multiplier chain dr iven by a crys ta l  oscil lator is used to  der ive the local 

osci l la tor  signal by means of a sidestep circuit .  

stable conversion of the I. F. signal to the des i red  frequency (6 KC). 
has provisions for range gating a s  shown. An amplitude detected output without 

range gating is  a l so  des i r ed  and is provided by a second I. F. amplif ier  and de-  

tec tor .  

Other  outputs a r e  used to  provide 

This output 

An over -a l l  l i s t  of des i red  charac te r i s t ics  of the r ada r  t r ansmi t t e r -  

rece iver  is  included in Appendix A. 

E. CHAFF' DISPENSING AND QUANTITY REQUIREMENT 

Rather  extensive investigations were made of chaff charac te r i s t ics  and 

suitable methods of dispersa l .  The major a r e a s  that w e r e  dealt with include: 

1. 

2 .  

3 .  

4. 

5. 

Required chaff concentration 

Evaluation of chaff types 

Fall velocity of chaff ( for  wind velocity correct ion)  

Construction of an a i r c ra f t  chaff d i spenser  (Section IIIA) 

Rocket chaff dispensing concepts 
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I 1. Chaff Concentration Requirements 

It is  essential  that a sufficient concentration of chaff dipoles comprise  

the chaff column i n  o rde r  to  a s s u r e  (1) adequate radar  signal re turn  and (2 )  a sta- 

I tiatically meaninglui representation of aii wind velocities within an  illuminated 

volume. Subsequent paragraphs lead to  the conclusion that both requirements  

caii b e  iiiet wver reasonable periods of time i f  3 to 5 lbs  of chaff, consisting of 

approximately 4 million dipoles pe r  pound, a r e  used f o r  a 15 km high chaff column 

I 
i 
I 

The basic radar  equation can be rear ranged  into the form 

2 3  where Z is  the required target  c ros s  section pe r  unit volume (m / m  ) 

R is range (me te r s )  = 

Pt i s  peak power transmitted ( w a t t s )  = [lo5] 

[30 x 1 0 3  

- 
D i s  antenna diameter (meters )  = [ 14 1 
'2- i s  pulsewidth ( sec )  = 

and a signal-to-noise ratio of 20 is assumed.  

[[o. 2 x 10-61 

I 

I 

Substituting the f igures  in  brackets ,  which a r e  representative values of the 

contemplated Cape Canaveral system (45 foot antenna), one obtains 

(111. 8) 

(111.9) 

.. 

I The average c ros s  section per  unit volume for a cloud of chaff i s  given 

by 
z = ? 7 q f ,  

I where n is  the number of chaff par t ic les  per  unit volume 

(111. 10) 

crl is the c ros s  section of an individual par t ic le  ( G - 0. 22 '= 
1 -  

2 x 

f is  a chaff orientation factor estimated f rom empir ical  evidence 

m2  fo r  3 cm radar) 

. to be 0. 16. 
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Combining equations (111. 9 )  and (111. l o ) ,  we can solve for  n , the 

number of chaff par t ic les  required pe r  unit volume under the representat ive 

conditions impo sed. 

Hence, 
- 4  3 n = 1.2 x IO p a r t i c l e s  per m (111. 11) 

Thus, for  a chaff column 1. 5 km i n  d iameter  and 15 km high, approxi- 

mately 3 million chaff dipoles would be required to produce a good r ada r  ta rge t .  

To provide for more  than one or  two velocity profile determinations while the 

chaff par t ic les  a r e  diffusing, this theoret ical  minimum quantity must  be in- 

c reased .  

chaff par t ic les  under consideration (Table 2)  have a number density of t h ree  to 

five million per pound, it i s  evident that as  l i t t le as 1 lb of chaff might suffice per  

column. 

Assuming a factor of two to three  increase ,  and knowing that the X-band 

Table 2 

X-BAND CHAFF CHARACTERISTICS 

Aluminum 
Chaff-Characteri s t ics  Ribbon Foi l  

Dimensions 0. 00.8" W x 0 .00045" T x 0.6"L 
Dipoles p e r  pound - 4. 7 million 

Metallized 
Nylon Cylinders 

0.0035" dia x 0.6"L 
N 3 million 

In addition to adequate signal re turn ,  consideration must  a l so  be  given 

A s  in-  to the number of chaff par t ic les  in  each illuminated volume of the r ada r .  

dicated above, one pound of chaff uniformly dis t r ibuted over  the en t i re  chaff 

column will  result in  approximately 1 x 10 
-4 3 p a r t i c l e s / m  

Consider a high resolution sample volume at 50 km range with dimen- 

sions of approximately 100 m height (0.  l 2 " ) ,  300 m width (0 .4")  and 30 m length 

(1 /2  pulse length plus 1 / 2  gate), occupying 9 0  x 10 m e Thus, for  a 1 lb. r e -  

l ea se  the re  would be about 90 chaff par t ic les  in  the illuminated volume. 

number i s  adequate f o r  a statist ically meaningful representat ion of the velocit ies 

within the illuminated volume. 

4 3  

This 

However, depending on the degree of chaff clumping 
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and the turbulent diffusion on any given day, this  value might well be increased 

by a factor  of th ree  o r  more.  

It can be tentatively concluded on theoretical  grounds, that 3 to 5 lbs  

of chaff (approximately 4 million dipoles per  Ib) d ispersed  over  a 15 km column 

should provide: 

a. 

b.  

adequate signai re turn for periods of at l ea s t  30 minutes 

a valid s ta t is t ical  representation of the Doppler velocities within 

the illuminated volume. 

2 .  Chaff Fall Velocitv and Handling. Charac te r i s t ics  

To provide information on the terminal  fall velocity of radar  chaff 

(necessary  in  calculating t rue  horizontal wind velocity - Section I1 C), two efforts 

were  initiated; 

under the flow conditions encountered at altitudes between sea  level and 15 km, 

and (2)  a s e r i e s  of measurements  of chaff fall velocity in  the CAL altitude 

chamber.  

was  thereby determined for X-band aluminum foil chaff and X-band Suchy chaff 

(metall ized nylon cylinders).  

2.  

( 1 )  a theoretical  analysis of the fall charac te r i s t ics  of chaff 

The dependence of chaff terminal velocity on temperature  and p r e s s u r e  

Dimensions of the chaff types were  given in Table 

The final resu l t s  a r e  presented in  F igures  12 and 1 3  where chaff t e r -  

minal velocity i s  plotted a s  a function of altitude for two model a tmospheres  - 
the ARDC Model Atmosphere (1959) and the Air  Fo rce  Tropical Atmosphere.  

The mean velocity data  can be used for correcting measured  target  velocities 

with Doppler r ada r .  

The aluminum foil exhibited a tendency to st ick together i n  c lus te rs  

containing seve ra l  dipoles. 

higher mean velocity and show a greater  spread in velocity than when efforts 

a r e  taken to manually separate  the foil dipoles. Also, the number of effective 

s c a t t e r e r s  p e r  pound of foi l  chaff may be l e s s  than the manufacturer - specified 

number of individual dipoles by a factor  of 2 o r  3. 

in  this respect ;  the measured chaff particle velocities a r e  essentially those char -  

ac te r i s t ic  of the single dipoles and the spread of velocities is, therefore ,  l e s s  

than that of the foil chaff. 

F o r  this reason, the foil chaff par t ic les  have a 

The Suchy chaff i s  superior  
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Since the agitation experienced by the foil chaff par t ic les  when they a r e  

dispensed from an a i rc raf t  o r  rocket will  probably be m o r e  effective in  separating 

the dipoles than that given the groups of chaff par t ic les  in  this s e r i e s  of measu re -  

ments,  the mean velocities and the spread of velocities of the foil chaff in actual 

pract ice  may be somewhat l e s s  than that reported here .  

3. Rocket Chaff Dispenser 

Design specifications for a rocket chaff dispenser  were  formulated and 

presented in P rogres s  Report 1 and subsequently distributed to potential subcon- 

t r ac to r s .  

(Division of Northrop) was  judged superior to o thers  received. 

The proposal for equipment development submitted by Nortronics 

Details of the proposed chaff dispenser  a r e  contained in re ference  (10).  

The envisioned dispenser  consists of a bullet-shaped car t r idge,  filled with chaff, 

which separates f rom the rocket motor at burnout. 

the f reely falling unit and, commencing at an altitude of approximately 17 km, 

chaff i s  continuously expelled by the combined action of an e lec t r ic  motor and 

compressed springs. 

and the chaff dispensing rate ,  a s  desired.  

Drag fins stabilize and slow 

Provis ions were  made for  varying the range of the column 

F. DATA PROCESSING PROCEDURES 

The data processing and handling procedures  involved in  converting sensed 

r ada r  data to meaningful wind motion information a r e  summar ized  as follows: 

1. Basic Measurements  Made With Each Radar  

(a) Median Velocity (Analog Twin-Filter Discr iminator)  

(b)  Wind Variance (Analog R-meter )  

( c )  Velocity Spec t ra  (Analog F i l t e r  Bank plus digital o r  
analog P r o g r a m )  

2. Sub P r o g r a m s  

(a) Constant Altitude Tracking Mode (Digital P rogram)  
Qb) Chaff Fall Velocity Correct ion 

( c )  Index of Refraction Profi le  Input 
(d)  Beam Sharpening 
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3 .  Data  Collation and Synthesis 

(a) 

(b) 

Transmission of Data from Two Radar  Sites to  Central  Location 

Combining of Separate Radial Velocity Components into Total  

Horizontal Wind Vectors 

A combination of analog and digital processing methods is recommended for 

most  efficiently treating the raw data. 

readouts a r e  indicated above in parentheses,  the i r  operation having been discus sed  

in Section I1 B. 

tion gradients can be applied via straight-forward sub programs.  

i t ems  (2d and 3 )  will be briefly discussed. 

Techniques for  obtaining the basic  sensor  

Data correct ions for  chaff fall velocity and atmospheric  re f rac-  

The remaining 

1. Beam SharDeninP 

Initially it was considered mandatory to  utilize a "beam sharpening" 

procedure,  i. e . ,  a data processing technique for effectively reducing the height 

of the r ada r  sampling volume f rom 100 m (achievable with a 45 to  60 ft.  antenna) 

to 30 m ,  the des i red  height resolution. Subsequently, however, the median f r e -  

quency technique was devised which provides the wind velocity at the center  of 

the beam; this  relationship is  t rue  i r respect ive of beam height provided the wind 

var ies  monotonically with altitude within the sampled volume and the chaff is 

uniformly distributed. 

and mus t  be  judged in t e r m s  of th ree  factors ,  (1) the frequency of nonmonotonic 

wind distributions over height increments under consideration (60- 150 m), the 

magnitude of e r r o r  in median velocity measurements  introduced by typical non- 

monotonic distributions,  and (3 )  the degree of improvement effected by appro- 

pr ia te  beam sharpening procedures .  

Thus, the need for beam sharpening becomes l e s s  c r i t i ca  

Wind shea r  data over  these small  height increments  a r e  exceedingly 
Jr 1- 

sca rce .  that  provided 

three  wind profiles plotted at 30 m (100 ft) height intervals .  Table 3 summar izes  the 

A pre l iminary  analysis w a s  made of NASA smoke trail data 

;: 
NASA, Langley Resea rch  Center ,  Wallops Island, Virginia; Smoke T r a i l  Data 

. f o r  21 Sept. 1959, 4 Nov. 1959 and 4 Dec. 1959.? 
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the resu l t s .  Of 9 2 6  l aye r s  investigated, approximately 15% possessed noninonotonic 

Thus, for  the three  c a s e s  studied, it is evident that  the effect of these 

nonmonotonic wind (velocity magnitude) variations on system performance would 

be slight. It is recommended that a m o r e  detailed analysis be made of all avail-  

able smoke t r a i l  data covering (1) height increments  of 200, 400 and 600 f t .  and 

(2)  east-west,  north-south wind velocity component data ( ra ther  than resultant 

velocity data) which is more  compatible with what a r ada r  w i l l  "see.  " 

Simultaneous investigation was  made of the degree to which beam 

sharpening techniques could improve r ada r  height resolution. 

t ract ion technique considered for beam sharpening is  i l lustrated in F igure  14. 

It will be recalled that the basic  datum obtained with a Doppler r a d a r  f rom a 

distributed target is  the probability density of velocity within the sampling volume 

of the beam; the width of the Doppler spec t rum i s  an  indication of all velocities 

that  exist  within the beam. Hence by subtracting spectrum 2 f rom spectrum 1, 

the remaining spec t ra l  frequencies can be assigned to  the nonoverlap portion 

of the beam in position 1. In this case  where  the antenna was  moved down the 

equivalent of one-half beam width, the beam was  effectively "sharpened" by a 

factor of two. 

The data sub- 
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variations i n  velocity magnitude of 0 .  1 m / s e c  or more  (only 370 of the l aye r s  con- . 

tained normonotonic wind variations inexcess  of 1. 0 m / s e c  ). The average devia- 
~ 

tion thereby introduced between the t rue  wind velocity and that indicated by the p ro -  

posed median velocity technique was only 0. 1 m / s e c  and 0.  2 m / s e c  respectively. 

, 

~ 

Table 3 

FREQUENCY AND SEVERITY O F  NONMONOTONIC WIND 
VARIATIONS WITHIN 60 m HEIGHT INTERVALS 

Maximum 
E r r o r  ir iVmd 

0 . 5  m / s e c  

0 . 5  m / s e c  

(3 Tropospheric and Lower Stratospheric  Wind Profi les)  

No. of 6 0  m AssumedAccuracy Nonmonotonic 
(200 f t )Laye r s  of Smoke T r a i l  Data Cases  (To) 

0 . 1  m / s e c  143 (1570) 

Re s ult ant Av e. 
E r r o r  i n V m d  

0 .  1 m / s e c  

0 . 2  m / s e c  
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It can be shown that this manner of improving spatial, hence velocity 

profile, resolution is  l imited by radar  movement precis ion and by the actual  wind 

velocity profile within the beam height. P r e c i s e  control of la rge  antennas under 

consideration i s  generally res t r ic ted  to *2 min tolerances,  which at 35 to 50 km 

ranges amount to  *20 to 30 m.  

To i l lustrate  the effect  of the wind profile on beam sharpening capability, 

consider a simplified case  (F igure  15) where  wind velocity var ies  periodically 

with altitude. In the rest r ic t ive situation in which the period i s  equal to (o r  an  

integral  multiple of) the beamwidth (BW),  it becomes evident that the same  velocity 

components a re  represented i n  the resultant frequency spectrum a s  the beam is 

displaced vertically - hence no discrimination o r  beam sharpening i s  possible.  The 

most  favorable condition is that in  which the beamwidth to period ratio l i e s  

between 0. 5 and 1 . 0 .  Discrimination also takes  place as this ratio inc reases  f rom 

one to infinity, but for constant antenna displacements the subtraction p rocess  will  

yield an ever  decreasing spectrum of res idual  velocities. Consideration 

tral  reliability fur ther  indicates that accuracy degrades significantly when 

of spec-  

BW/p J 0.75 Thus for  the assumed wind profile, beam sharpening will provide 

g rea t e r  spatial resolution, but maximum improvement is  l imited to ra ther  r e s t r i c -  
tive conditions i. e . ,  0 . 5  <- gw (0.75. 

P 

For  other ver t ical  wind distributions, s imi la r  beamwidth - profile 

relationships can be worked out. 

sharpening process,  (2) an inability to descr ibe the actual profile within a beam-  

width, and (3) prel iminary evidence that e r r o r s  due to assuming a completely 

monotonic wind distribution a r e  relatively minor ,  it is  felt that  the beam sharpening 

requirement  can be eliminated. 

Owing to (1) the indicated selectivity of the beam 

2. Data Synthesis 

Collation of the wind component data  acquired by both r a d a r s  can 

efficiently be handled by transmitt ing the data f rom one r ada r  s i te  (via telephone 

l ines)  to the other. The la t te r  r ada r  unit can be  equipped with appropriate com- 

puter  equipment f o r  calculating the horizontal wind vector ,  wind variabil i ty and 

turbulence information ve r sus  altitude. Digital techniques appear  most  a t t ract ive 

f o r  resolving component data, although fu r the r  investigation i s  required before 

computer equipment can be specified. 
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A real-t ime presentation of median velocity, the principle sys tem 

measurement ,  can be accomplished by utilizing inputs which will a l ready be  

computed. 

median frequency sensor  is proportional to  the median frequency; the altitude 

is  already computed in the constant altitude t r acke r .  These signals vs.  altitude 

along with the output of the R-meter  can be plotted on a n  x-y r eco rde r  as p a r t  of 

the operational display. 

titudes of unusual in te res t  where complete spectrum processing might b e  

advisable o r  where prolonged sampling is  desirable .  

frequency data should be magnetically taped for  s torage and subsequent analysis 

a s  desired.  

The output frequency of the e r r o r  signal feeding the V F O  in  the 

Such a presentation would be useful in prescr ibing al- 

Additionally all "raw" 

G. SYSTEM ERROR ANALYSIS 

One the basis  of anticipated performance charac te r i s t ics  of the wind- 

measurement  equipment, an e r r o r  analysis of the over-al l  system was  made. 

The analysis ,  a s  summarized in Tables 4, 5 and 6, descr ibes  the accuracy in 

measuring absolute wind velocity at a given level and wind shear  between levels.  

A detailed discussion of each factor contributing to velocity and height e r r o r s  is 

contained in  Appendix B. 

A s  shown in  Table 6,  all e r r o r s  combine in such a way that 90% of the t ime  

(actually more frequently, since calculations were  based on the altitude that 

maximized the e r r o r  in question) the proposed system will  measu re  absolute wind 

velocity in  the horizontal plane to  approximately 2 m /  sec  and the ver t ical  wind 

shear  to 1 .7 /  d h sec- '  where A h is  the increment  of i n t e re s t  in  m e t e r s .  Table 

4 indicates that 90% of the t ime the e r r o r  in measurement  of the horizontal  com- 

ponent of velocity by one radar  is  0 . 6  m / s e c .  

It should be noted that absolute wind velocity in  the horizontal plane can 

be measured  with a probable e r r o r  accuracy of 0 .9  m / s e c ,  which compares  

favorably with the contractually specified accuracy of 1. 5 m / s e c  probable e r r o r .  

While the proposed r ada r  sys tem does not fea ture  the simplicity and 

economy of more standard wind measurement  techniques, it does combine the 
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advantages of fine spat ia l  resolution, accuracy, "real-time" presentation, 

wind variabil i ty detection, and all-weather performance. 

Table 4 

9070 CONFIDENCE LIMITS IN THE MEASUREMENT O F  RADIAL COMPONENTS 
Vr O F  WIND VELOCITY 

(Computed at 25 miles slant range) 

I 

Source of E r r o r  Contribution to Total  E r r o r  
* 

1) Sampling t ime f 30 cycles 

2)  Fall velocity of chaff 10 cycles 

3) Vert ical  velocit ies in  wind 8 cycles 

4) Nonmonotonic wind variation 20 cycles 

5) Inaccuracies  i n  pointing direction 1 cycle 

6) Instability of electronic instrumentation 1 cycle 

Total  e r r o r ,  €Vr =& El2 - - f 38  cycles (*O. 57 m / s e c )  

I >k 
At X-band frequencies,  the velocity conversion factor i s  approximately 60-67 

I cycles  p e r  m / s e c .  

Table 5 

9070 CONFIDENCE LIMITS IN DETERMINING THE ALTITUDE (h) 
AT WHICH COMPONENT VELOCITY MEASUREMENTS ARE MADE 

(Computed at 25 miles slant range) 

Source of E r r o r  

1) Boresight Accuracy 

2)  Range Accuracy 

3) Propagation Effects 

4) Nonuniform Chaff Distribution 

Total  Height E r r o r  Eh  

9070 (*) E r r o r  i n  Absolute 
Height Measurements ( m e t e r s )  

23 

4 

12 

10 

2 8  
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Table 6 
90% CONFIDENCE LIMITS IN HORIZONTAL WIND SPEED CALCULATED 

FROM MEASUREMENTS O F  TWO RADIAL COMPONENTS 

Source of E r r o r  

1) Measurement of Components 

2)  Mismatch in altitudes sampled by the 
two radars  

- Total E r r o r  E V  - 

-1 The e r r o r  in shear :  ES = - ' s 7  sec  
A h  

Contribution to Total E r r o r  

0 . 7 2  m / s e c  x sec  $ 
2 . 2  m / s e c  x sec  4 

2 . 3  m / s e c  x sec  
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111. BUFFALO WIND MEASUREMENT EQUIPMENT 

In o rde r  to (a) evaluate the proposed Doppler radar-chaff concept for meas -  

uring winds aloft, (b) determine suitable radar  components for an optimum sys -  

tem, and (c )  acquire wind shear  data of high resolution, appropriate field experi-  

ments were  conducted in  Buffalo. Chaff w a s  re leased f rom an a i rc raf t  in a s teep 

dive and the resultant continuous column sampled with the CAL Doppler radar .  Oil- 

smoke was simultaneously released from the a i r c ra f t  and photographed with two 

spaced ground cameras  to provide comparative wind velocity data. 

Weather Bureau made special  radiosonde re leases  at t imes  coincident with the 

experiments to provide a third wind profile. 

The local U. S. 

Numerous balloon-chaff drops and tracking experiments with an SCR-584 

r ada r  were  conducted ea r l i e r  to ass i s t  in defining chaff reflectivity charac te r i s t ics  

and r ada r  tracking problems. 

a l so  made at Mt. Withington, New Mexico. 

A se r i e s  of Doppler radar-chaff experiments was  

Some of the more  unique equipment developed o r  techniques employed i n  

support of the wind measurement  program a r e  discussed in  succeeding paragraphs.  

A. AIRCRAFT CHAFF DISPENSER AND SMOKE GENERATOR 

Existing chaff dispensers  were  surveyed in  the hopes of obtaining a unit 

that could be  modified for  use in  a CAL aircraf t .  

chaff d i spensers  were  found to be the type in which individual containers of chaff 

a r e  sequentially ejected at command. 

ous column of chaff a f te r  a short  diffusing t ime, the packages must be ejected at 

a high rate .  

per  minute. 

the manner of a machine gun and its linked car t r idge  belt. These units can hold 

a la rge  quantity of chaff but a r e  intended for operation in level flight and will not 

function properly in a steep dive. 

in  any attitude, were  found to  be prohibitively l a rge  and, in  the necessary  rapid 

ejection modes , forced to expel1 unrealistically la rge  concentrations of chaff. 

Without exception, all available 

If such a dispenser  i s  to produce a continu- 

The maximum ejection rate  of the machines surveyed i s  600 packages 

The l a rge r  dispensers  feed packages which a r e  connected by tapes  in 

Newer dispensers ,  while capable of functioning 
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F o r  these reasons,  i t  was  decided to  design and fabricate  a continuous chaff 

dispenser  tailored to the program objectives. The resultant dispenser ,  shown 

schematically i n  F igure  16, is insensitive to anticipated aerodynamic forces  and 

accelerations.  The car t r idge box, which measu res  2 in. x 4 in. x 20  i n . ,  holds 

approximately 8 lbs  of Revere aluminum chaff o r  6 lbs .  of Suchy metallized nylon 

chaff. 

jack. 

gear  t r a i n  whose rat io  can be changed on the ground. 

var ied *50% by the pilot. 

selection provides a wide range of ejection ra tes .  

tions in  chaff mater ia l ,  thickness,  density, etc. 

Ejection is accomplished by motion of a piston actuated by a simple screw-  

The screwjack i s  connected to the variable speed e lec t r ic  motor through a 

The motor speed can a l so  be  

Thus, the combination of variable motor speed and gea r  

The design also permi ts  var ia -  

The chaff, af ter  being extruded f rom the car t r idge,  i s  directed into the f r e e  

air s t r e a m  by a high-speed air b las t  generated by a centrifugal blower and a sma l l  

supersonic nozzle. 

cutting up and ejecting the paper separa tors  that  a r e  required to pack the chaff 

into the cartridge.  

eliminated by the action of the supersonic je t .  The nozzle has  been designed to 

flow . 05 l b s / s e c  (of a i r )  f rom a 0 .  5 cubic foot capacity pneumatic bottle s tored 

in the aft end of the belly tank. 

flow. 

jack  motor is  operated. 

The centrifugal blower se rves  a second purpose,  that of 

Tes ts  indicated that "birdnesting" i s  a lmost  completely 

Pneumatic regulators  and valves control the 

The blower and supersonic j e t  a r e  automatically turned on when the screw-  

Several  chaff re leases  may be made during a single fljght. 

It was  desired to simultaneously generate smoke t r a i l s  during the t e s t s  for 

two purposes,  (1) to a id  the r ada r  opera tors  i n  locating the t e s t  a i rplane and 

chaff column, and ( 2 )  to compare the wind velocit ies obtained by Doppler r a d a r  

measurement  of chaff movement with a velocity profile obtained f rom optical 

measurements  of the smoke trail displacement. 

4 

Figure 17 i l lus t ra tes  the operation of the smoke generator  designed fo r  

these purposes. 

the control is  switched on by the pilot, the solenoid valve opens and high p r e s s u r e  

oil f rom the accumulator sprays  into the hot engine exhaust manifold to produce 

a dense white smoke. 

The oi l  is  s tored  in a n  accumulator under p re s su re .  When 



Y 
0 

43 

0 
0 
P 

J-- 

IH-1525-P-1 



oc 
0 

-1 a z a 
0 
0 
4 

s 

L 
w > 
-1 
4 > 

i= w u- 
4 
v) 

I 

44 IH-1525-P-1 



B. FLIGHT TEST OPERATION 

An F8F a i r c ra f t ,  pictured in Figure 18 with the belly tank containing the 

chaff dispenser  and smoke generator,  was selected for  the flight program. 

basic  maiieiiver involved the d ispersa l  of chaff and smoke with the a i r c ra f t  in 

an 8000 f t .  , 45" dive commencing at 20, 000 ft. 

The 

The t e s t  a r e a  for  the maneuver was approximately 5-10 mi les  northwest 

One camera s i te  was  adjacent to the radar  unit of the r ada r  si te at Newstead. 

and the other  camera  si te was  located a t  the Laboratory,  approximately 9 
miles  west-south-west of Newstead. 

nique employed is  given in  P r o g r e s s  Report 1. 

A description of the photographic tech- 

C. DOPPLER RADAR 

The Doppler r ada r  used in project experiments both at Mt. Withington 

and in Buffalo i s  pictured i n  F igure  19. 

System, t e rmed  the DOP radar ,  a r e  presented below: 

Character is t ics  of this  pulsed Doppler 

Power - 5 kw peak 

P R F  - 6 - 10 kc  var iable  

Pul  s e Width - 0.5, 1, o r  2 /u sec  

Antenna - 8 - foot parabolic ( M 1" beam) 

Frequency - X-band, 9310 m c  

Range Gate - 1 - 5 p sec ,  0 - 20 mi les ,  

Doppler information f rom the chaff ta rge ts  was  (1) fed into a spectrum 

analyzer-'. and the resultant frequency spectra photographed and (2)  recorded 

on magnetic tape for  subsequent processing with an IBM-704 computer. 

position da ta  w e r e  simultaneously recorded. 

.L 

Targe t  

.r. 
*e* 

Panoramic.Spectrum Analyzer, Panoramic Electronics ,  Inc. , Mt. Vernon, N. Y .  
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Figure 19 CAL DOPPLER RADAR 
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IV. EXPERIMENTAL DATA 

A. BUFFALO WIND MEASUREMENTS 

The major  wind-measurement experiments conducted in Buffalo a r e  
4 n A; - 1 +-A I, - 1 
I I I U I L C L L G U  U C L W W .  

Table 7 
WIND MEASUREMENT EXPERIMENTS - Buffalo, N. Y .  

Date Measurements Altitude 

a) 6 October 1961 Smoke Measurements Only 4500 - 6500 m MSL 

b) 8 December 1961 Chaff and Smoke Measurements  1780 - 2260 m MSL 

c) 16 December 1961 Chaff and Smoke Measurements  1600 - 3300 m MSL 

The flight of 6 October was intended solely to check out the smoke dispen- 
I sing and analysis  procedures .  Resultant velocity and shear  profiles,  i n  100 f t  

s teps,  have since been constructed by NASA. 

data  with radiosonde winds for  th ree  common levels i s  presented in Table 8. 

The agreement  between the two independent wind measu res  is surpr is ingly good 

in  view of the t ime and sampling differences involved. 

A comparison of the velocity 

I (1) 8 December 1961 Experiment 

F igure  20 shows the smoke t ra i l ,  60 and 90 seconds a f te r  initiation 

of the a i r c ra f t  dive in the experiments of 8 December.  

sequence of radial  velocity distributions recorded with the r ada r  on the same 

Figure  ‘21 shows a 

I 

I experiment . 
I 
I Chaff motions w e r e  acquired with the DOP rada r  at the lower 500 

m e t e r s  of the a i r c ra f t  dive, where corresponding smoke trail information was  

not available. Hence, the Doppler data w e r e  compared with radiosonde winds, 

as shown in  columns 9 and 10 of Table 9 . F r o m  the known pointing direction 

of the r ada r ,  the radial  velocity component of the horizontal wind vector  ( radio-  

sonde) was  calculated and compared with the r ada r  measured  wind. 

I 

As indicated, i 
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,/- 

Figure 20 SMOKE T R A I L  (8  DEC. 1961) 60 AND 90 SECONDS 
AFTER I N  I TI  A T l O N  OF A I  RCRAFT D I  VE 
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NOTES: 

a) DOPPLER FREQUENCY ( V E L O C I T Y )  SPECTRUM APPEARS TO THE L E F T  

b) 

c) V E L O C I T I E S  I N D I C A T E D  ARE THE COMPONENTS I N  T H E  P O I N T I N G  

O F  THE CARRIER REFERENCE FREpUENCY 

EACH D I V I S I O N  ALONG THE X - A X I S  CORRESPONDS TO APPROXIMATELY 
4.5 MPS. ZERO VELOCITY IS AT THE CARRIER FREQUENCY 

D I R E C T I O N  OF THE RADAR 

Figure 21 SEQUENCE OF WIND (CHAFF) VELOCITY SPECTRA WITH CAL DOPPLER RADAR 

(8 DECEMBER 6 I )  
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agreement  between the two independent measu res  of wind velocity is good. 

Attention should b e  called to the fact that the Doppler measurement  represents  

velocities averaged over  a height increment  of approximately 150 m ( a median 

frequency sensor for isolating the velocity at the center  of the r ada r  beam has  

yet to be incorporated in the r ada r )  whereas  the radiosonde winds a r e  averaged 

over height intervals twice as la rge .  

An expression for  determining the horizontal-plane wind vector 

with a single Doppler r ada r  was formulated. 

two radial  velocity measurements  obtained with the r a d a r  a t  different azimuth 

angles but at constant altitude. 

variations of wind occur between component measurements .  

relationship is  given in  F igure  22 .  

The method involves combining 

It must  be assumed that no t ime o r  space 

The geometric 

The foregoing relationship was  used to es t imate  the horizontal wind 

vector (V)  from appropriate radial  velocity measurements  (Table 9 ); the 

resu l t s  and comparison with radiosonde winds a r e  shown below. 

Calculated Radiosonde 
Pa i r ed  Data Altitude Wind Vector Wind Vector 

1 and 6 1930 m-1966 m 288'110.7 m / s e c  286'1 9 . 4 m / s e c  

7 and 14 2038 m 292' / 9 . 4  m /  sec  282" / 10.2 m /  sec  

(2 )  16 December 1961 Experiments  (I1 and 111) 

The resolved Doppler data f rom these two experiments  a r e  l is ted 

in Table 10 with corresponding radiosonde data  and smoke t r a i l  data where 

available. 

certain,  owing to equipment difficulties experienced in  the recording of Doppler 

signal and antenna position. Nevertheless,  the three  wind measu res  indicate 

general  agreement.  

exceed that due to inherent differences in sampling technique (space and t ime 

averages)  of each system, different periods of measurement ,  and individual 

sys tem accuracy. 

The reliability of the r ada r  data  on this  day i s  considered l e s s  

The magnitude of observed differences does not appear  t o  
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APPLICABLE TO SINGLE DOPPLER OPERATION 

- 
a AND 5 ARE VELOCITY VECTORS IN THE 
HORIZONTAL PLANE OBTAINED BY MULTI-  
PLYING THE CORRESPONDING MEASURED 
R A D I A L  VELOCITY BY THE SECANT OF THE 
ELEVATION ANGLE. 

S INCE 9 f a t 6 - t80, (t80-6)- 6 ta 

3. b 5 Y(COS e cos a -sin e a i n  a) 

SOLVING ( I . )  AND ( 3 . )  FOR 

(cos e - 4 )  
sin e 4. t a n a  = 

PLAN V I E W  WITH RADAR AT O R l Q l N  0 

a 
cos a 6. YL- 

6. WIND DIRECTION -AZIMUTHiS -a 

THUS, EQUATIONS (U.), (5.) AND ( 6 . )  
ENABLE CALCULATION OF HORIZONTAL WINO 
MAGNITUDE AND DIRECTION FROM TWO 
MEASURED VELOCITY COMPONENTS AND THE 
INCLUDED ANGLE. 

F igure  22 WIND VELOCITY DETERMINATION FROM TWO R A D I A L  VELOCITY COMPONENTS 
OBTAINED AT D I F F E R E N T  AZIMUTH ANGLES (CONSTANT A L T I T U D E )  
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B. MT. WITHINGTON EXPERIMENTS 

During the period 1-5 September 1961, five experimental  chaff tracking 

runs were  performed with the DOP radar,  then located at Mt. Withington, 

New Mexico in  conjunction with another Laboratory project.  

ments, chaff was  released from radiosonde balloons, t racked with the DOP 

radar ;  and photographs taken of the spectrum analyzer  riisplay of Doppler 

frequencies character is t ic  of wind velocity. 

F o r  these experi-  

The reduced data appear in  Table 1.1 andthe  graphical resul ts  a r e  presented 

in Figures  23 and 24. 
measured mean radial  velocities and recorded elevation angles of the r ada r ,  a r e  

plotted as a function of height in the graphs. The number under each plotted 

point r e f e r s  to the horizontal distance in ki lometers  between the sampled volume 

and the r ada r .  

Wind velocities in the horizontal plane, calculated f rom 

An approximate,  independent measure of average wind velocity was  obtained 

by determining the change in  horizontal distance to the chaff cloud ve r sus  t ime.  

The averaging t ime for sensing chaff cloud displacement var ied between 4 and 10 

minutes in  contrast  to the 0. 5 - 2 seconds required to obtain each Doppler spec- 

t rum.  

Figures  23 and 24. 

Doppler-measured velocities i s  considered reasonably good in light of (1) the 

difference in t ime sca les  of the two measurement techniques, (2 )  accuracy of 

timing procedures ,  and (3) inability tosense with an A-scope (the r a d a r ' s  video 

position indicator) the same portion of the diffuse chaff cloud for  relatively long 

periods of t ime,  a necessity for accurate displacement measurements .  

The resultant chaff cloud velocities a r e  represented by dashed l ines in 

The agreement between these approximate velocities and the 

The resu l t s  of this init ial  s e t  of experiments demonstrated that wind 

velocity information could be obtained by tracking a chaff cloud with Doppler 

radar .  

indication of the variations of wind with t ime  and in  space. 

Table11 shows the range of radial  velocities contained in  each frequency spectrum. 

The spread of plotted velocities at any given altitude level provides a n  

The last column of 
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Table 11 

MT. WITHINGTON, NEW MEXICO 
WIND VELOCITY DETERMINATIONS WITH DOPPLER RADAR AND CHAFF - 

Run #1 - 1 September 1961 

Height 
Photograph Time (km) 

la 
b 

2a  
b 

3a 
b 

4a 
b 

C 

C 

C 

C 

1:21 0.6 
i: 22 0 .6  

0 .7  
0.7 
0.7 
0.7 

1: 25 0 . 6  
0 . 6  
0 .6  
0.6 
0 .6  
0 .6  

Horiz.  
Di s tan c e 

(kml 

0.9  
1 . 1  
1 . 3  
1 . 3  
1 . 5  
1.7 
2 .0  
2 .2  
2 . 3  
2 . 5  
2 . 6  
2 .9  

Radial 
Vel. V r  

( m /  sec) 

5 .6  
5 .6  
5 .6  
5. 8 
5 .6 
6. 1 
5 .6  
5. 6 
4 .9  
6. 3 
6 . 4  

data  fade 

Horizontal 
Ve l .  Vh 

(m/  sec) 

6. 7 
6. 3 
6. 3 
6 . 5  
6. 1 
6 . 5  
5 . 8  
5. 8 
5 . 1  
6 . 5  
6.6 

Radial::’ 
Velocity 
Spread 

( m /  sec) 

5. 2 
4. 1 
4. 1 
3 .6  
3. 1 
2 . 0  
2. 3 
2. 3 
0 . 4  
1 . 8  
1 . 5  

Run #2 - 4 September 1961 

la 0 .6  2 . 5  3.7 3. 8 3. 8 
b 4: 31 0.7 2 . 6  6. 3 6 . 5  3. 8 
C 32 0 .8  3 .2  7 .0  7 . 2  2.  3 

2a 33 0 . 5  3.7 8 . 7  8 .8  3.6 
b 34 0 .4  2.7 6.  8 6 . 9  - -  
C 4: 35 0 .6  4 .0  7 . 5  7 .6  3 .  1 

Run #3 - 4 September 1961 

3a 
b 

4a 
b 

5a  
b 

6a  
b 

C 

C 

C 

C 

5: 10 1 . 2  
1 . 2  
1 .1  
1 . 0  
1 . 0  
1 . 0  
1 .0  
0 . 9  

5: 15 0 . 9  
0 .9  
0 . 9  

5: 19 0 . 7  

1 . 7  
1 . 9  
2 . 0  
2 . 4  
2 . 5  
3.2 
3 . 4  
3.6 
3 .8  
4 . 6  
4. 6 
5 . 0  

5. 8 
6 . 0  
6. 8 
7 . 3  

data fade 
7 . 5  
7 . 5  
7. 3 
8. 0 
7 . 3  
7 . 5  
7 .7  

7 .0  
7.0 
7 . 7  
7 .9  

7 .8  
7. 8 
7 . 5  
8. 2 
7 . 4  
7 . 6  
7.  8 

1 . 2  
3. 6 
2. 8 
2. 6 

1. 8 
2 . 6  
2 .3  
3 .7  
3 . 1  
- -  

1. 8 
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I Table 11 (Contd. ) 

I la  
b 

2a 
b 

C 

Radial Horizontal Velocity 
Height Distance Horiz* Ve l .  vr Vel .  Vh Spread 

(kmj ikmj ( m i  sec )  (mi  sec j  ( m i  sec )  
-. Pnotograph l i m e  

Run #4 - 5 September 1961 
I 

I C 

3a 
b 

4a 
b 

5a 

I b 
I C 

C 

I 
C 

9: 14 1 . 5  
9:15 1 . 5  

1 . 4  
1 . 4  
1 . 4  
1 . 3  
1 . 3  
1 . 3  

9: 18 1 . 3  
1 . 3  
1 . 3  

9:20 1. 3 
0.9  
1 . 0  

9:25 1 . 0  

Run #5 - 5 September 1961 

7a 
b 
C 

8a 
b 
C 

9a 
b 

10a 
C 

I b 
I C 

1 la  
b 

12a 
b 

C 

C 

11: 35 1 . 0  
0 .9  
0. 8 

11:38 0. 8 
0. 8 
0 . 8  
0 . 9  
0 .9  

11:40 0.9 
41 1 . 0  
41 . 1 . 0  
42 1 . 0  
43 1 .0  
43 1.0 
43.5 1 . 0  
44 1 . 1  

1 . 1  
45 1 . 1  

1 . 7  3.9 
1 . 9  3.2 
2 .1  4 . 5  
2.6 4. 8 
2.6 4. 8 
2.9 4 . 4  
3 .1  4.6 
3 . 2  4 .6  
3 .4  4 .6  
3.5 5 .1  
3.5 5 . 1  
3.7 5 . 1  
4. 7 No Return 
5 . 0  4. 6 
5. 3 No Return 

1 . 3  
1 . 4  
1 . 4  
1 . 6  
1. 6 
1 .6  
1 . 9  
1 . 9  
1 . 9  
2 .0  
2 .0  
2 .0  
2.2 
2.2 
2.2 
2 .3  
2 . 3  
2 . 3  

1 .4  
1 . 5  
1.9 
2 . 4  
2 . 9  
3. 3 
3 . 1  
2.9 
2 . 4  
2 .9  
2.9 
2 .9  
2.7 
2 . 4  
2 . 9  
3 .4  
2 .9  
2 .7  

5 . 2  
4 . 1  
5 . 4  
5 . 4  
5 . 4  
4.9 
5.0 
5.0 
4.9 
5 .4  
5 . 4  
5 .4  

1. 8 
1 .8  
2 .2  
2.7 
3. 3 
3.7 
3 .4  
3.2 
2 . 7  
3.2 
3 .2  
3.2 
3.0 
2.7 
3.2 
3 .8  
3.2 
3.0 

5 . 5  
1. 8 
3.9 
4.7 
3.6 
4.7 
4 . 4  
1. 6 
3. 9 
5 .2  
3. 6 
4. 4 

- -  
1 .2  
1 .5  
2.0 
2 . 3  
3. 1 
3. 6 
3 .1  
2. 3 
3. 3 
4. 1 
3 .9  
4. 1 
2 .  8 
3 .9  
3. 3 
4. 1 
2.  8 

~~ ::: ~ 

Correc ted  for  0 .6  m /  sec  spectrum spreading due to spectrum analyzer response 
character is t ics .  
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V. SUMMARY 

Design concepts were  formulated and evaluated for  a high resolution 

( 3 0  m altitude increment)  wind measurement concept involving two Doppler 

r a d a r s  and a continuous chaff column for rapidly constructing the wind pro-  

file f rom ground to 15 k m  altitude. 

interpretat ion of Doppler spec t ra ,  suitable measurement  techniques and 

apparatus  fo r  achieving des i red  sampling capability, and field experiments  

wherein the general  concept was  assessed.  

led to  the following conclusions: 

The investigation included theoret ical  

These simultaneous efforts have 

1. The Doppler radar  - chaff concept, as devised, i s  feasible for 

obtaining wind information of des i red  accuracy (0. 5 - 1 .  5 m /  sec)  and spatial  

resolution (30  m altitude increments) .  Required equipment to  meet  these 

specifications cannot b e  considered simple o r  inexpensive; 45 ft. to 60 f t .  

d iameter  antennas, r ada r  t r ansmi t t e r s  of demanding design, and a unique 

rocket chaff dispenser  a r e  called for .  Nevertheless,  the envisioned sys-  

t em appea r s  capable of providing, in  "real  time" and regard less  of weather 

conditions, unique atmospheric  wind s t ructure  information. 

2. The concept incorporates  three m e a s u r e s  of wind character is t ics :  

a. A cent ra l  measu re  of velocity (median velocity) which, with 

the twin-filter discr iminator  proposed, is  precisely the velocity at  the center  

of the r a d a r  beam when the wind var ies  monotonically with height within the 

beam. 

b. Wind variance,  ( G') of the velocity distribution as reflected 

by an R-me te r .  

c. Turbulence information based on the observed spectrum shape 

and wind shea r  values determined from median velocity measurements .  ( P r e -  

c i se  quantitative data on turbulence require 

interpretat ion of Doppler spectral  components as discussed in  Appendix C).  

additional investigation of the 
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3. An e r r o r  analysis of the envisioned system indicated that absolute 

wind velocity in the horizontal plane could be measured with a probable e r r o r  

accuracy of 0 . 9  m/  sec,  and that 90% of the t ime wind shear  could be measured'  

with an accuracy of 1 .  7 m sec  - 1  for a 30 m scale height. 

4. It i s  necessary that the length of record ( r a d a r  dwell t ime)  be of 

approximately 1, 7 seconds duration for each sampling period when detailed 

spectrum analysis of 30 cps resolution i s  desired.  

median frequency sensing is  dependent upon spectrum shape; for a Gaussian 

distribution i t  i s  l e s s  than 0. 3 seconds for  more  than 99% of the spectrum 

widths to be encountered. 

The t ime needed for 

5. Calculations a r e  given for converting radial  velocities sensed by 

two separated r ada r s  into the horizontal-plane wind vector.  E r r o r s  in  this 

triangulation procedure a r e  minimized i f  the two r ada r  beams form a right 

angle and the wind i s  blowing in a direction paral le l  to one radar  beam. This 

fact should be considered in any subsequent field program where the r a d a r s  

should be favorably positioned with respect  to prevailing wind direction. 

6 .  Theoretical calculations and chaff tracking experiments have shown 

that 3 to 5 pounds of chaff (approximately 4 million X-band dipoles per  pound) 

a r e  required per 15 km high column. 

in  t e r m s  of detectable signal re turn  and adequate s ta t is t ical  representation of 

wind velocities within a sampled volume. 

This concentration is considered suitable 

Field programs were  conducted in  which a single Doppler radar  was 

Comparative measurements  of used to sense the motion of chaff columns. 

wind velocity were provided by the Doppler r ada r ,  smoke-trai l  photography, 

and conventional radiosondes; the data on average wind velocity were  in 

general  agreement. 

tion on the spectrum of velocities encountered and the t ime variations of 

wind . 

The radar  -chaff technique provided additional informa- 

It is  recommended that fur ther  theoretical  and experimental  r e sea rch  

be pursued to (1) s imilar ly  establish the procedures  for  utilizing Doppler 

r ada r  as a turbulence sensor  and ( 2 )  acquire  wind s t ruc ture  information (de- 

tailed space and t ime fluctuations) not readily obtainable with other methods. 

A brief discussion of these a r e a s ,  which a r e  intimately linked with missi le  

design and guidance, i s  included in  Appendix C.  
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APPENDIX A 

DESIGN CHARACTERISTICS OF A PULSE DOPPLER RADAR 
FOR WIND SHEAR MEASUREMENTS 

A. RECOMMENDED ANTENNA SPECIFICATIONS 

1. Operating frequency: 9100 to 9500 m c  

2. Polarization: Horizontal 

3. Aperture:  45 feet  ver t ica l  x 15 feet  horizontal 

4. Aperture  Shape : Elliptical  

5. Primary Pat te rn :  Azimuth 3-db beam: 0.  45" 
Full beam: 0 .76"  

Elevation 3-db beam:  0.143' 
Full  beam: 0. 253" 

6. Side Lobe Level: At l ea s t  20 db below main  beam maximum 

in  both p r imary  planes 

7. Aperture  Efficiency: 65 percent 

8. Maximum Boresight E r r o r :  0.01 degrees  for elevations f rom 

ze ro  to  45 degrees .  

optical boresight and the maximum angle of the main beam. 1 
(This e r r o r  is the angle between the 

9.  Maximum Pointing E r r o r :  0.01 degrees  under conditions of 

(This e r r o r  is the angle maximum speed of rotation. 

between the optical boresight position and the indicated 

drive position. ) 

10. Tracking Pa t t e rns :  Four  additional feeds identical to  the p r i m a r y  

feed and positioned in the shape of a ver t ical  c ruc i form about 

the p r imary  feed w i l l  be so a r r anged  that the two ver t ica l  

tracking patterns will have a common 3-db c rossove r  on the 

optical boresight.  

s imi la r ly  arranged.  

t i a l l y  the same shape and side lobe level as the p r i m a r y  pattern.  

The horizontal  tracking pat terns  will be 

Thus, tracking pat terns  will have essen-  
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11. 

12. 

13. 

14. 

15. 

16. 

Transmission Lines:  The five feeds wi l l  be coupled to the r e a r  

The of the antenna through five separa te  waveguide runs.  

center feed and four tracking feeds will use RG-68/U wave- 

guide o r  equivalent. The t ransmiss ion  l ines mus t  be so  

designed that changes in tempera ture  will produce no 

motion of the feeds.  

Ambient Tempera ture :  The s t ruc tu re  of the antenna will be de- 

signed for operation over  the normal  range of daylight ambient 

temperature  in Flor ida.  The s t ruc ture  should be so  designed 

that temperature  change produces only a change in beamwidth. 

Maximum beamwidth change will be *570 of design center .  

Wind Load: (a) The antenna w i l l  be capable of normal  operation 

There  w i l l  in surface winds of a t  l eas t  25 mi les  pe r  hour.  

be no change in boresight e r r o r  o r  pointing e r r o r  f rom winds 

having velocities within the range f rom ze ro  to 25 mph. 

(b) The antenna wi l l  be capable of operation a t  a reduced 

performance level in surface winds f rom r25 to 50 

hour. 

mi les  per  

(c) The antenna and supporting s t ruc ture  will be de- 

signed to survive winds up to 150 mi les  pe r  hour i f  the antenna 

is properly stowed. 

Feed  Structure:  The feed support  will be s o  designed that winds f r o m  

zero to 25 statue mi les  pe r  hour and/or  normal  tracking acce ler -  

ations will produce no change in boresight e r r o r  o r  pointing 

e r r o r .  

Elevation Track:  The elevation dr ive sys tem will be designed to  

t rack at angular velocities up to 0. 1 radians p e r  second with no 

position e r r o r ,  f rom ze ro  to at least t45  degrees .  Normal  

elevation scan  will be downward f rom t45  degrees .  

Azimuth Track: The azimuth drive sys tem will be identical  to  the 

elevation t rack  sys t em in  performance over  a full 360 degrees .  
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17. 

18. 

1 9 .  

20. 

21. 

Slew: Independent controls will be provided to  permi t  azimuth and 

elevation slewing a t  the maximum drive ra tes  for initial 

acquisition. 

Boresight: A permanent optical boresight unit will be installed to 

permi t  boresighting prior to  each  use  of the antenna. 

Ca1riei-a; A 2a.rIiera i ~ i v u r i i  wiii  be  provided io  pe rmi t  unobsirucied 

coverage of the complete solid angle subtended by the main 

beam. 

Pedestal :  The pedestal  shall  be considered as an integral  p a r t  of 

the antenna because of the s t r ingent  requirements  on boresight 

and pointing accuracy. 

In s t rument a t  i on : Azimuth , e 1 evati on , r e  c o r ding outputs . 

B. RECOMMENDED SPECIFICATIONS FOR COHERENT 
TRANSMITTER-RECEIVER SYSTEM 

i .  

2. 

3. 

4. 

5. 

Frequency:  In the band 9100 to 9500 mc. Once chosen, the frequency 

will remain constant. 

separat ion between the two r a d a r s  to  eliminate interference.  

A separat ion of 150 m c  is suggested. 

There should be sufficient frequency 

R-F Power: At least 100 kw peak power and up to  2400 watts average 

Pulse  Wide: 0. 1, 0.  5, 1, 2 microseconds available in s teps  

P R F :  2 . 5 ,  5, 7 .5 ,  10, 12 kc available in s teps  

Each  t r ansmi t t e r  shal l  contain the following i tems:  

8 
A stable exci ter  (long-term stabil i ty of one par t  in 10 ), fo r  

which d-c fi lament supply should be considered. 

Dr iver  amplifier f o r  the output tube 

Modulator for  the output tube (type will depend on output 

tube chosen) 

All necessa ry  cooling 

R-f monitoring protection and pressurizat ion if  needed. 
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6 .  Receiver Preamplif ier-Mixer  Requirements:  

(a) Noise figure l e s s  than 7 db 

(b) 

(c) Balanced mixer  configuration 

(d) Minimum power gain of 25 db 

(e) The local oscil lator for  the receiver  is to be derived by side 

s t ep  techniques (servodyne, balanced modulator).  

c a r r i e r  and other sideband should be at leas t  120 db down 

f r o m  the local oscil lator signal.  

Bandwidth compatible with 0 .  1 microsecond pulse 

The 

7 .  I-F Amplification: A final output frequency of 6 kc f rom a cathode 

follower (nominally 5052) i s  required:  

Nominal amplification should be accomplished a t  the preamp- 

mixer  output to overcome the rece iver  noise f igure.  

conversion i s  then required to bring final output to 6 kc.  

Over-al l  tangential sensit ivity required is - 100 dbm. 

Stable I 

I 

An amplitude-detected output of the i - f  signal mus t  be provided. 

Three  ( 3 )  low impedance outputs a r e  required.  

Range gating is required and m u s t  be accomplished at low-level I 

I 
stages a f te r  pre-amplification. Gate width w i l l  be controlled in 

s teps  of 0.  1, 0 .  5, 1, 2, and 5 microseconds.  The gate position 

will be continuously var iable  throughout the interpulse period 

for  all p r f ' s .  

C .  MISCELLANEOUS REQUIREMENTS 

1. A duplexing sys tem is required.  Inser t ion loss  should not exceed 

0 .  5 db. Receiver isolation shou d be compatible with sys tem sens i -  

tivity requirements .  F e r r i t e  isolation o r  f e r r i t e  switches should be 

investigated f o r  this requirement .  
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2.  Sufficient shielding must  be provided for maintenance of sys tem 

sensitivity and prevention of spurious responses .  

considered a r e :  

I tems  to be 

1. Receiver and t ransmi t te r  isolation 

2 .  Receiver  and variniis signal sources  such as local osci l la tor ,  

other conversion oscil lators,  and so  on. 

3 .  Gain control is to be provided for  manually and in s teps .  

levels of gain a r e  suggested to  provide a dynamic range of 70 db 

in 10-db s teps .  

Several  

4. Power supply requirements  t o  be provided as follows: 

1. P r i m a r y  power: 60 cycle! single phase,  105-130 volts 

2. Regulation over  input range: 0.  1 percent  

Ripple: 0. 1 percent  

5. P r o p e r  cooling and /o r  ventilation to be provided 

A- 5 IH-1525-P-1 



APPENDIX B 

ERROR ANALYSIS O F  THE WIND SHEAR SYSTEM 

The purposes of this e r r o r  analysis were:  (1) to provide a prel iminary 

e s t i m a t e  cf t h e  a c c u r a c y  with w h i c h  the csnterr,p!ated Wizd Shear  systerr, car; 

measure  wind velocity as a function of altitude, and (2) to assist in the 

selection of optimum equipment components. The analysis was conducted by 

assuming a s e t  of specifications for  the Wind Shear sys tem at the beginning 

of the program,  investigating the sources  of e r r o r  in the hypothetical sys tem,  

and modifying those specifications in such a way as to minimize e r r o r s .  

the e r r o r  analysis  has constituted one of the cent ra l  aspec ts  of the program 

since its inception, and the e r r o r  estimates have continually changed as new 

thinking and compromises  were  incorporated into the specifications. 

Thus 

Since a number of the factors  contributing to e r r o r  in the measurement  of 

the absolute wind velocity profile do not contribute to the e r r o r  in measurement  

of wind 'shear,  vie have t rea ted  these two measurements  separately.  This 

distinction is important in view of the fact that ,  for the SATURN program,  

g rea t e r  tolerances can be allowed in both absolute wind velocity data and 

absolute altitude data than in wind shear  data. 

We have fur ther  categorized the e r r o r s  in t e r m s  of: 

1 )  accuracy  in the measurement  of the radial  component of the wind 

in the direction of each radar  beam.  

2) accuracy  in the determination of the altitude at which each component 

velocity is measu red ,  and 

3 )  accuracy  in the computation of the resultant wind vector f rom the 

two measured  components. 

Tables  4 through 6.  
These e r r o r s  a r e  summar ized  in 

We have attempted throughout the analysis to es t imate  the e r r o r  which 

w i l l  be exceeded only 10 percent (or  l e s s )  of the t ime,  i. e . ,  the 90 percent 

confidence limit. 

actual  experimental  measurements  while some a r e  based solely on experience 

It should be noted that some of the est imates  a r e  based on 
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and engineering judgment. 

accuracies  for possible components of this sys tem than were  used in this 

analysis .  

of which we are  aware .  

the over-al l  e r r o r  in the sys tem will be sma l l e r  than indicated herein.  

In many instances manufacturers  quote g rea t e r  

Equipment accurac ies  used in the analysis a r e  measu red  values 

If manufac,turers can meet  these quoted accurac ies ,  

Calculations a r e  premised  on a chaff ta rge t  s lant  range of 25 mi les  and a 

specific target altitude (up to 16 km)  which tends to maximize the given e r r o r  

being investigated, Thus  we have again attempted to be conservative.  

DISCUSSION OF TABLE 4 (Page 39) 

E r r o r  due to finite samDlinp. t ime 

The median frequency of a spec t rum of 1200 cycles  total  width can be 

est imated to within A30 cycles with a 90-percent confidence limit during the 

prescr ibed  sampling t ime ( 0 ,  3 seconds) pe r  30 m e t e r  altitude increment .  

Narrower  spectra can be est imated with proportionately grea te r  precision 

in the same  time. 

during any of our Doppler r ada r  experiments (even while studying thunderstorms) ,  

this extremely pessimist ic  value has been used in the e r r o r  analysis .  

Although we have not yet observed such a wide spec t rum 

E r r o r  due to inaccuracies in es t imate  of fall velocity of chaff 

An assumed chaff fall velocity will be used in the sys tem in  correct ing 

measu red  velocity in the direction of each r ada r .  To determine what fall 

velocities should be used in the operational sys tem,  we measu red  the fall 

velocity of two types of chaff being considered for u se  in the wind shea r  sys tem 

in the CAL altitude chamber .  During 80 t e s t s ,  with 50 to 100 chaff dipoles 

pe r  tes t ,  at altitudes ranging to 30 ,000  ft,  the maximum deviation f rom the 

observed mean fall velocity a t  any altitude was 0 .  2 m / s e c .  To provide for  

possibly greater  variation under different environmental  conditions and to 

account for  the influence of the dispenser  on fall velocit ies,  we have a rb i t r a r i l y  

doubled that value in the e r r o r  analysis .  

ment  of radial wind speed was computed to be 10 cycles  on the bas i s  of a r ada r  

The e r r o r  contribution to the measu re  
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elevation angle of 24 degrees .  Since very near ly  the same  inaccuracies  wi l l  

pe r s i s t  over la rge  altitude increments  (several  thousand feet) ,  e r r o r s  in the 

est imate  of fall velocity wi l l  not cause  inaccuracies in the measurement  of 

wind shea r .  It w i l l ,  however, contribute to the inaccuracies  in  the measu re -  

ment of absolute wind velocity. 

E r r o r  due to up and down draf ts  

Our estimate of ver t ical  air velocities of *O. 3 m / s e c  used in the e r r o r  

analysis is conservative for nonturbulent meteorological conditions that are 

not associated with convective clouds or frontal  situations. 

th ree  radi i  of the center  of a cumulus cloud o r  immediately above a cold front,  

that  velocity may be exceeded. 

8-cycle e r r o r  in the direction of the radar (24-degree elevation angle). 

lent ver t ica l  motion exceeding 0. 3 m/sec ,  though occurring much less  than 

10 percent  of the t ime (probably l e s s  than 1 percent  of the t ime)  is of con- 

s iderable  importance and mus t  be compensated for  operationally, 

Within two o r  

The value of 0 . 3  m / s e c  corresponds to  an  

Turbu- 

I 

E r r o r  due to nonmonotonic wind distribution 

I 

~ 

An analysis  of smoke trail data was requested f rom the contracting agency 

to determine the e r r o r  that  nonmonotonic wind distributions will contribute to 

median velocity measurements  made with the envisaged wind shea r  sys tem.  

A tentative e r r o r  estimate of 20 cycles w a s  used. 

maximum computed e r r o r  for all nonmonotonic levels observed f rom th ree  

available smoke trail profiles.  A height increment  of 250 ft:, equivalent to 

a 60-ft antenna beam at 25 mi les ,  w a s  assumed. 

This value represents  the 

E r r o r  in horizontal velocitv due to boresight e r r o r  

The wind shear  sys tem wi l l  measure radial  wind velocity ,(.. with each of 

in  the direction of each r ada r  
"r, 

its r a d a r s .  To convert  to horizontal velocity 

beam the following computation will be made: 

where 4, is the observed elevation angle. 
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If the true elevation angle i s  4, f d # , the computed value of b' rr 
w i l l  be in e r r o r  by an amount equal to 

To compute the expected e r r o r ,  we a s sumed  that the wind shear  dishes 

would be at least  as good a s  the presently operating High Power ,  60-ft dish 

a t  GAL, which has a measured  boresight e r r o r  of l e s s  than two minutes.  

(Measurements on  the High Power dish were  made during daylight hours in  

winds up to 25 knots. ) We assumed fur ther  that  the 90 m e t e r  p e r  second 

wind was blowing direct ly  f r o m  one antenna to  the chaff column. 

elevation angle of 24 degrees  was chosen for  the calculation, and all bore-  

sight e r r o r  was assumed  to be  along the elevation axis. 

was 0 . 0 2 5  meters / second because of boresight  inaccuracies ,  which corresponds 

to  a two-cycle e r r o r  in Doppler shift ,  

insignificant in the determination of horizontal velocity in the direction of 
each r ada r .  

in the discussion of Table 4. 

An observed 

The computed e r r o r  

Therefore ,  boresight e r r o r s  are 

They a r e  important in determination of altitude as w i l l  be  seen  

E r r o r  due to index of refraction variations 

Because of r a y  bending the angle of incidence of the radio energy on the 

This  e r r o r  chaff ta rge t  will differ f rom the angle of elevation of the antenna. 

w i l l  appear  in the calculation of horizontal velocity in  the direction of the r ada r  

in the same  manner as the boresight e r r o r .  Computations based on index of * 
refraction profiles obtained f rom AMR show that the radial  velocity e r r o r  in 

the worst  case observed would yield a Doppler frequency e r r o r  l e s s  than 1 cycle,  

and therefore is negligible. 

Electronic  instrumentation e r r o r  

Discriminators similar to  our  median frequency senso r  are commonly 

accurate  to *l cycle.  Therefore ,  e lectronic  instrumentation will not contribute 

significantly to sys tem e r r o r .  

... 
'0. 

Atlantic Missile Range 
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I .  

~ DISCUSSION OF TABLE 5 (Page 39)  

Altitude e r r o r s  due to boresight e r r o r s  

As s ta ted previously, t e s t s  on the 60-ft High Power antenna at CAL 

indicate that the mechanical and electr ical  axes  maintain the i r  relative position 

to within two minutes over  periods of at  l eas t  a few hours  in winds up to 

25 knots. 

(as a r e  planned) for  boresighting each antenna pr ior  to  an experiment,  it 

should be possible to maintain that accuracy throughout a s e r i e s  of wind shea r  

measurements  at A . M .  R. 
25-mile range at ze ro  degrees  elevation angle,  where the e r r o r  is mos t  se r ious .  

With equivalent antennas on the Wind Shear  sys tem and provisiions 

The computed e r r o r  of 23 m e t e r s  is based on a 

Since the boresight e r r o r  will remain constant throughout an  experiment ,  

it w i l l  not contribute to  the  inaccuracies in the measurement  of shea r .  

Altitude e r r o r  due to ranne e r r o r  

The product of range e r r o r  and the s ine of the elevation angle is  an 

altitude e r r o r ,  

tive figure fo r  modern r ada r s ,  and computed a corresponding 4-meter  attitude 

error  at an elevation angle of 24 degrees.  

We have assumed a 10-meter range e r r o r ,  which is a conserva-  

Altitude e r r o r  due to Drooaaation effects 

A pre l iminary  analysis w a s  made of index of refraction data obtained 

f rom A.  M. R. 

var ia t ions)  between indicated altitude (R s in  4 ) and the actual  altitude at 
which the beam would have intersected the chaff column w a s  120 m e t e r s ,  

which occur red  at an elevation angle of approximately 5 degrees .  

assumed that the computer program for  correct ing altitude information in 

accordance with index of refraction data fo r  the t ime of the experiment  would 

eliminate 90 percent  of that  e r r o r ,  and have used a residual  e r r o r  es t imate  

of 12 meters. 

p rogram chosen, it appears  possible to reduce this e r r o r  even fur ther .  

The maximum deviation (due to s t ra t i f ied index of refract ion 

We have 

In pract ice ,  depending on the complexity of the computer 
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Altitude e r r o r  due to nonuniform chaff distribution 

In the operation of the wind shear  system, the velocity corresponding to 

the median frequency wi l l  be assigned to the altitude corresponding to  the 

center  of the sampled volume. 

the altitude of the center  of mass of the chaff within the sampled volume. 

difference between these two altitudes would constitute an altitude e r r o r  if 

not compensated for.  

This velocity i s  actually present ,  however, at 

The 

However, we a r e  compensating by designing the antenna feed sys tem so  

that (1) only the sampled volume is illuminated and (2)  the tracking rece iver  

will observe alternately the upper half and the lower half of that volume in the 

manner  depicted schematically below. 

vation angle constant, the upper and lower conical scan  volumes mus t  reflect  

the same  amount of power. 

illuminated, we know that these two half beamwidths contain identical amounts 

of chaff. 

If the tracking sys tem holds the ele-  

Since only half of each of these volumes is 

CENTER OF UPPERMOST CON I C A L  ,’\ - 
SAMPLED VOLUME 

CENTER OF UPPERMOST 

SCAN VOLUME 
BEAMW I DTH 

In practice it is impossible to  hold the elevation axis perfect ly  steady. 

The Buffalo experiments indicate that approximately *O. 6 mil of j i t ter  m a y  be 

present  due to nonuniformity in chaff concentration. 
.*. *,- 

These measurements  

rl. *,- 
J i t te r  does not appear as a source of height e r r o r  in  itself because the range 
tracking portion of the programmed altitude sys tem wi l l  compensate f o r  the 
elevation angle changes to maintain a constant altitude. 
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were made at ranges of approximately 10 mi l e s  where *O. 6 mils corresponds 

to altitude variations of * lo  m e t e r s .  

conventional conical scan could consistently c o r r e c t  pointing direction before 

moving 10 m e t e r s ,  the center  of mass of the chaff within the incremental  

volume (upper and lower conical scan volumes) mus t  have been within 10 m e t e r s  

of the center  of the beam. As shown, the incremental  volume in the wind 

shea r  tracking sys tem will be the ent i re  upper and lower halves of the sampled 

volume, which i s  the enly volume illuminated. 

chaff distribution in the Buffalo experiments a r e  representative of the operational 

chaff dispensing sys tem,  we have used 10 m e t e r s  in the e r r o r  analysis.  

Since in the Buffalo experiments the 

Assuming that the s ta t is t ics  of 

DISCUSSION OF TABLE 6 (Page 40) 

The magnitude and direction of the total wind vector ,  which a r e  computed 

f rom the two measu red  components, will be in e r r o r  i f  the individual com- 

ponents have e r r o r s .  Fur thermore ,  the magnitude and direction will be 

erroneous if  the components a r e  not measured  at the same height. 

these sources  of e r r o r  can be examined by  rearranging the t e r m s  of equations 

- given in Section 5 of P r o g r e s s  Report No. 1. 

analyzing the e r r o r s  in the vector wind magnitude. 

Both of 

The following is a method for 

Equation (5.6)  in P r o g r e s s  Report  No.  1 can be writ ten as follows: 

csc e [ I  - p (e, a) COS e] 

P-zcos e9 (0, a) + y 2 @ a j  r/z ‘‘5 + p-zcOs ~ s ( ~ , a ~  +p ( e p j ~  1h 

csc e [cos e -9 @,..>I 
COS 9 dV = (1) 

where 8 is the supplement of the horizontal projection of the angle of 

intersection of the beams 

$b is the common elevation angle of the beams 

M. is the angle between the wind direction and the beam of the 

fir s t r ada r  

g(ep) = cos 0 + s i n e  tan OL 

dL‘, d$, dV5 a r e  respectively the e r r o r s  in the magnitude of 

the horizontal wind vector, the component measured  by the f i r s t  

r ada r ,  and the component measu red  by the second r ada r ,  where 

the measu red  components have been cor rec ted  for  the chaff’s fall 

ve lo c it y. 
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We shall consider the quantities dv and dG2 to be random variables .  'i 
Thus dl 
vector ,  is  a random variable.  

averages of dV and dYT are zero ,  which is a reasonable assumption. 

Fu r the rmore ,  the variance of dr/ 
measured  components by 

the e r r o r  in the computed magnitude of the total  horizontal wind 

Clear ly  the average value of dv is ze ro  i f  the 

5 2 
is given in terms of the var iances  of the 

Assuming that the e r r o r s  in measu red  components a r e  normally distributed 

with identical var iances  . leads to 

Thus the quantity ( A' f B 2  ), which is a function of 8 

s idered  an  e r r o r  coefficient. 

a range of 8 and LZ . F o r  example, if B = 70 degrees  and d. = 100 

degrees ,  we conclude 

and & , can be con- 

F igure  B- 1 displays this e r r o r  coefficient over 

We can obtain the range of Y in which 90 percent  of the values will lie 

in the following way. Notice that 

The s tandard deviation of the magnitude of the computed vector  is thus simply 

related to  the s tandard deviation of the measu red  components. Likewise, any 

multiple of the s tandard deviation of the computed vector magnitude is related 
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to the corresponding multiple of the s tandard deviation of the measu red  com- 

ponents. 

(namely *1.65 Gv ) a re  re la ted to the 90-percent confidence limits of component 

measurements  exactly according to  (2) ,  where the 

90-percent intervals instead of s tandard deviations. 

Thus the 90-percent confidence limits of the vector magnitude 

0 ' s  can  b e  interpreted a s  

F o r  example, in the c a s e  cited above for 8 = 70 and cc = 100, we have 

cos + %  = / i Z " .  r 

-1 
s o  that if the measurement  e r r o r  is l e s s  than 0 . 6  m sec  

t ime,  it follows that the vector magnitude e r r o r  is l e s s  than 

90 percent of the t ime. 

previously refers  to the 90-percent e r r o r  limit. 

90 percent  of the 
016 q m  SeC - r  

cos 
Hence cos E V - f m E V ' ,  where E , as sfated 

Another e r r o r  in vector  magnitude Y is introduced when the two r ada r s  

do not sample a common altitude. Because of random e r r o r s  in  positioning the 

two beams,  the e r r o r s  in sampled heights will be random var iab les ,  denoted by 

d h ,  , and dh, . If  dh, and a r e  independent and normally distributed 

with ze ro  means and identical var iances  ci'' 4 
, then the i r  sum,  which equals 

B-10 

. 

Because of their  dependence on the wind angle d , it is difficult to s ta te  

general  conclusions regarding the e r r o r  coefficients. Since, however, we will 

have little control over the value of CC in the experiments ,  it is reasonable 

to  suppose that, on the average,  all values will be equally probable (that is, 

will be encountered with equal frequency). 

average the e r r o r  coefficients over OL 

of 8 . Figure B-2 is a plot of these average coefficients, A Z  f. g 2 .  It 

will be noticed that,  on the average,  intersection angles around 90 degrees  

cause the least  magnification of e r r o r s .  In fact ,  when 0 = 90 degrees ,  the 

only magnification of e r r o r  is caused by the elevation angle # . It was 

est imated that 90 percent of the t ime,  our sys tem would be operating within 6 

confines of 90 *40 degrees  hence, corresponding values of A2 + 6' were  

averaged f r o m  Figure B-2 over this angular increment  to yield 

I 

Therefore ,  in F igure  B-1 we can 

to obtain coefficients as functions only 
I 
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the height separation between the beams,  is normal  with zero  mean and 

variance 2iT , 
A *  

i s  a random variable in space and t ime with a mean which is likely to be zero  

and a variance of @>~/d, . 
f rom improper positioning of beams i s  a random variable given by 

2 d J  
The change with height of the horizontal wind speed, -dr 

Thus, the e r r o r  in  velocity ( dr/ ) ’  2 result ing 

r; = z r 2  0- = .  
4 >%A! 

with mean zero and var iance 

To see  how this e r r o r  propagates, we re fer  back to Equation (1). 
right-hand side of ( l ) ,  we may se t  Ab’ 
( d  r/ )’ of equation (3). Fo r  example, 

On the 

to equal zero  and let  dfG equal rz 

Proceeding as before, we obtain 

where A’ i s ,  of course ,  a function of 8 and oc . As before,  we can 

consider averages A2 of the coefficients over oc . If  we had begun from 

(1) by setting dr/ = 0 and dl ,  = ( dl/ )’ then we would have ‘r 2 

It 

T 

- 
can be  shown that A % =  B2 , so that  the general  resu l t  is 

COS 4 rvz J (A“ f 8‘)  t3-t 6$,,dz 

ius, as  before, Figure B-2 can be used to obtain the avera-  e r  

A’ t B 2  , and the standard deviations will  be 

and the 90-percent confidence l imi t s  wi l l  be 

o r  0 ffici nt 
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Thus, the standard deviation ( o r  90-percent inclusive value) of the computed V 

is  obtained by multiplying the square root of the e r r o r  coefficient given i n  F igure  

B-2 by the product of the standard deviations ( o r  90-percent values) of height 

e r r o r s  dh and the standard deviations (or  90-percent values) of the ver t ical  wind 

shear  - 3v . 
data  in reference (1) and our  prel iminary smoke-trai l  analyses .  Summing the two 

independent e r r o r s ,  we obtain 

A 90-percent value of 2 m / s e c / 3 0 m  was  assigned - d v  based on 
d Z  8 3r 

Inserting appropriate values for  e r r o r s  gives 

ERRORS I N  WIND DIFFERENCE B E T W E E N  TWO ALTITUDES 

Thus far we have determined the e r r o r  in  wind speed measured  f rom two 

components at one altitude. It i s  of interest  to  investigate the e r r o r  in the difference 

in wind speeds measured  at two altitudes. Let 6 and Q be wind speeds measured  

at two nearby altitudes and consider dY = ( V ,  - v; I . Clearly 

2 
where  F; and q2 a r e  var iances  of measured speed at the two alt i tudes,  and 

~?(l', , G) 
we have 

is the correlat ion coefficient between the speeds. Since GZ = C' = r z  5 %  v '  

gv was  determined in the last section to be 2.  3 m / s e c  x s e c  4 , so  the only 

remaining problem i s  to  determine I?($, 5 )  . Certainly some of the e r r o r s  in V 

are  cor re la ted  over  smal l  height intervals:  namely those a r i s ing  f rom boresight 

e r r o r s  which lead to improper  positioning of the beams.  

!) '' Scoggins , James  R. , and Vaughan, William W . ,  "Cape Canaveral  Wind 
and Shear  Data (1 thru  80 km) for  U s e  in Vehicle Design and Per formance  
Studies, 'I NASA-TN D- 1274. 
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It can be shown that 

2 
where (Sy5)iis the systematic  e r r o r  in the velocity measurement .  W e  

a s sume  that Cv (5yS) = r:, 
was evaluated in the previous section to be (1.9)' (m/ sec )  . 

' 2  , the e r r o r  due to improper  positioning, which 
2 Thus, 

and 

This analysis assumes  that 

interest .  

R ( \I; , ) w i l l b e  ze ro  and 

@$/dZ)' is the eame at the two altitudes of 

If the wind shea r  i s  completely uncorrelated at the two alt i tudes,  

EAV = 3.2 m/..cc x s e c  

ERRORS IN WIND SHEAR 

By wind shear  is meant the quantity 

AV s s  

In general ,  $ and r/z will have e r r o r s  which arise from inaccuracies  in 

measu red  components and improper  positioning of beams.  Likewise, there  w i l l  

be uncertainties in the quantity . The e r r o r  in s h e a r  from both sources  i s  

Thus,  
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and averaging gives 

The t e r m s  on the right side reduce to a simpler form.  

independence, the averages can be computed separateiy in  the second t e rm.  

This i s  not t rue  in the third t e r m .  In the third t e r m ,  however, consider the 

new random variable 

Notice that because of 

Then the average to consider i s  

Now &1/ is the constribution to the total e r r o r  dd I/ which a r i s e s  f r o m  

improper  placement of beams. Therefore,  

where the quantity ( 

in  the measurement  of components. 

' v  ) is the e r r o r  in( d d  1/ ) ar i s ing  f rom inaccuracies 

Thus 

Because of independence between ( $A[/ ) and ( A ' f  ), we have as a result :  

which is identically the second t e r m  in (4). 

Therefore ,  we conclude for the expression for  shea r  as follows: 
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The te rms  on the right wi l l  now be considered separately.  

2 (dAV))" ,= cdV 

I 

which quantity w a s  dealt with previously. It w a s  found that 

whence 

(2) (-) 4 v  (ddh)' : 

Ah 

The two fac to r s  a r e  independent and can  be averaged separately.  The 

quantity (mT is essentially the quantity which w a s  considered e a r l i e r ,  at 

which t ime it w a s  es t imated that 

Thus,  

- 
Notice that dA4 =d(h,-+?2)ldh,-d%so that  d d 4  = 0 . Thus 

(ddh)'= flt4 , and w e  have 

where 

and R ( h,  , hz ) is the cor re la t ion  of e r r o r s .  

is such that 

i s  the common variance in height measurements  at both alt i tudes,  
2 W e  have shown a l ready  that U- h 

Thus 
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It is c l ea r  that  
r z  4 

where LT f i 2 Y )  6 5 is the systematic e r r o r  in height, principally due to boresight 

e r r o r s .  F r o m  Tabie 5, we find that 

R ( A,,  h2 ) = r; (.us, 

Thus 

Then the complete second t e r m  is 

Combining terms, we obtain for  (5): 

o r  

F o r  

25 mile  range 

$b = 24 degrees ,  the highest elevation anticipated when operating at a 

f .  7 
ES =- m/sec p e r  m 

Ah 
Again, this analysis  a s sumes  that (d@'Z)2 is constant over  

assumption is certainly t rue  m o r e  than 90 percent of the t ime for  d-h  
m e t e r s .  

total  wind shea r  with the proposed sys tem w i l l  be  

. This 

= 30 

Therefore  the 90-percent confidence limits of the measurement  of 

E5 = .  056 s ~ c - '  
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APPENDIX C 

RE C OMMENDED INVESTIGATION OF ATMOSPHERIC WIND 
VARIABILITY AND TURBULENCE DETECTION 

I In o rde r  to define quantitatively space vehicle s t ruc tura l  and control 

sys tem design c r i t e r i a ,  the following character is t ics  of the wind s t ruc ture  of 

the atmosphere must  be described: 

1. The steady o r  average wind velocity profile. 

2. Wind shea r  as determined by the difference between wind vectors  

of the average velocity profile over height intervals  of interest .  

, 3.  Variability of the average wind with t ime and distance. 

4. Turbulent air motion. 

5. The combined simultaneous effect of the above pa rame te r s .  

i The distinction between turbulent eddies and average wind variabil i ty is 

~ 

subtle, depending on the t ime and distance scale-dimensions adopted. These 

scale  dimensions must  be dictated by character is t ics  of the miss i le  under 

~ consideration, namely, the vehicle velocity and frequency response as well as 
I 

by turbulence charac te r i s t ics  of the atmosphere. 

a resonance at 0. 2 cyc les / sec  traveling vertically at 400 m / s e c  will respond 

during one complete cycle to wind profile (wavelengths in excess  of 200 m 

(400 -L 0. 2). 

m i s s i l e  t r a v e r s e .  

as turbulence to  the vehicle in  question. 

F o r  example, a miss i le  with 

The wind profile is considered stationary during the period of 

Wind motions of higher frequency will manifest  themselves 

In o r d e r  to express  the wind character is t ics  outlined above and to  

integrate the i r  effects  in t e r m s  of miss i le  behavior, s ta t is t ical  analysis of 

a tmospheric  wind s t ruc ture  is required.  In t e r m s  of the miss i le - re la ted  

sca le  dis tances  ( f rom tens of m e t e r s  up) and t imes  (tenths of seconds and 

g r e a t e r )  over  which wind information is desired,  it would appear  that  high 

resolution Doppler radar  is eminently well suited as a measurement  tool. 
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By way of illustration, the CAL DOP rada r  has  a variable pulse length and a 

variable range gate which can be  reduced to 0 . 5  p s e c  and 0 . 7  

tively, producing a sample volume of 180 m e t e r s  depth (1 /2  Range Gate t 

1 / 2  Pulse  Length). 

l imited only by the length of r eco rd  requirements  for representative t ime-  

s e r i e s  analysis.  In the report  (Section IIB4),  it was shown that this t ime did 

not exceed approximately 0. 3 second for  average velocity measurements  and 

1. 7 seconds for  detailed spectrum presentation of 0.  5 m / s e c  resolution. 

sec  respec-  r- 
The minimum t ime over which a sample is measu red  is 

Measurement of average wind velocity profiles and of wind shea r  (Items 

1 and 2) with Doppler r a d a r  were the principal subjects of the investigation 

being reported in the main body of this document. Fu r the r  theoret ical  and 

experimental investigation of wind variabil i ty and turbulence (Items 3 and 4) 
constitute the logical extension of this effort in t e r m s  of developing a capa- 

bility for quantitatively describing the influence of wind s t ruc ture  on mis s i l e  

behavior. 

CONCEPTS OF TURBULENCE AND WIND VARIABILITY 
MEASUREMENT WITH DOPPLER RADAR 

The distribution of velocities over an ensemble of chaff s c a t t e r e r s  o r  

weather targets  approximates the simultaneous distribution of wind velocit ies 

in the same  volume. 

variations associated with wind shea r  o r  turbulence.  

viewing it i s  unlikely that shea r  would contribute significantly so the sp read  

of the distribution can be attr ibuted to turbulence only. 

that the amount of spread  depends upon the energy of the turbulence in the 

sca les  smal le r  than the sampled volume. The turbulent sca les  l a rge r  than 

the sampled volume manifest  themselves as t ime variations in the velocity 

distribution. 

the spectrum of turbulence for  wavelengths l a r g e r  than the sampled volume, 

while an indication of the power included in  the spec t rum for  shor te r  wavelengths 

can be obtained f rom the spread  of the distribution. 

The spread  of the distribution indicates wind velocity 

F o r  ver t ica l  radar  

It can be argued 

Such t ime variations can be analyzed to determine the shape of 

In other words,  the 
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velocity distributions can be considered as integrated outputs of high-pass 

f i l t e r s  when the input is the spec t rum of turbulence, while t ime variations 

in the distributions can be considered as outputs of low-pass f i l t e rs .  The 

analogy can be extended to include the response of the sca t t e re r s  to t h e  wi;;dL, 

since the s c a t t e r e r s  ac t  as low-pass f i l ters .  

-- 
I hus the whole concept of measuring wind i r regular i t ies  with r ada r  can 

be descr ibed in  the language of f i l ter  theory. The analysis to determine how 

the spec t rum of turbulence can be computed f rom radar  measurements  would 

proceed f rom such a description. 

A principle vir tue of the Doppler radar  concept of wind measurement  is 

the comparative ease  with which it can b e  used to sense t ime and spat ia l  

variations of winds. 

velocity profile over a few ki lometers  should enable repeated profile measu re -  

ments ,  and thus a measu re  of wind variability as a function of t ime. 

extend the t ime variable downward, it is only necessary  to hold to a par t icular  

altitude of in te res t  and continue to  horizontally t rack  the "same" parce l  of air 

to obtain t ime variations of velocity within a volume moving with the air mass. 

On the other hand it is possible to fix the geometry of observation and determine 

Euler ian  wind variation in a given volume in space as the air mmss passes 

through that volume. 

The relatively shor t  t ime required to obtain a mean 

To 

Information on spatial  (horizontal o r  ver t ical)  wind variabil i ty can be 

obtained by taking measurements  for a large number of illuminated regions 

having different volumes and analyzing variations in the f o r m  of the mean 

spec t rum as a function of volume sampled. (The contributing volume can be 

changed by varying either the range, pulse length, o r  sampling gate width of 

the r ada r .  ) If  the sampled volume contains a large number of statist ically 

independent regions of velocity, the mean Doppler spectrum will be approxi- 

mately invariant in t ime and Gaussian in form. 

increasingly Gaussian as the sampled volume is increased.  The volume at 

which the distribution becomes a rb i t r a r i l y  close to Gaussian is determined 

by the number of independent regions in the sampled volume, and hence by  the 

s i ze  of the independent regions (or correlation volume) as compared to the 

sample s ize .  

Thus the fo rm should become 

Therefore ,  the shape of mean spec t ra  for different volumes is 
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expected to indicate the scale  s ize  of turbulence. 

of the mean velocity spec t ra  f rom illuminated regions having 

will be grea te r ,  on the average,  for  small illuminated volumes than for  la rge  

ones. 

(over t ime)  of the mean can be plotted against  the volume illuminated. This 

function should contain information about the correlat ion distance,  or sca les  

of turbulence. 

F u r t h e r ,  the t ime variations 

different volumes 

For a quantitative description of this effect, the s tandard deviation 

RADAR MEASUREMENTS 

Turbulence and wind variabil i ty measurement  can be made whenever 

meteorological targets  (dense clouds, ra in ,  snow) a r e  present  or when a wind 

t r a c e r  such a s  radar  chaff is introduced into the atmosphere.  

previously, turbulence measurements  can readily be made with the r ada r  

pointing vertically; in this operating mode, horizontal  wind motions and 

variations a r e  not detected (since they do not have a component in the direction 

of the radar ) .  

spread  of the velocity distribution can be separa ted  f rom the component due 

to ver t ical  wind shear  in the manner  descr ibed in Section IIB. Turbulence 

magnitudes should be ascer ta ined  as a function of altitude and t ime.  

should be determined how closely turbulent fluctuations approximate a station- 

a r y  random process .  

As indicated 

At oblique viewing angles,  the turbulence component of the 

It a l so  

.*. ‘6. 

To measure  time and spatial  variations in horizontal winds off-vertical 

viewing is mandatory. As mentioned, Euler ian  and Lagrangian scanning 

techniques can be employed to separate  wind var ia t ions due to  t ime and 

distance. 

measured  wind profile (balloon, smoke trail or r a d a r  technique) for subsequent 

application to predicted or observed missile behavior.  

Such information would be useful in  interpreting the validity of a 

Wherever possible, r ada r  measurement  experiments  should be designed 

to sample the atmosphere along a similar t ra jec tory  and within a comparable 

t ime period of a ver t ical ly  rising miss i le .  

ments  as a function of altitude might be obtained by varying the range gate of 

F o r  example,  turbulence measu re -  

.b +A- 

It is frequently assumed that smal l - sca le  fea tures  of the wind approximate 
a stationary random process .  
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the ver t ical ly  pointing radar  to sample sequentially f rom the minimum to 

maximum targe t  range during a t ime compatible with the time spent by a 

miss i le  over this path length. 

a r e  compatible with minimum rada r  sampling t imes.  ) 

(Missile t raverse  t imes  in  the troposphere 

In summary ,  Doppler r ada r  constitutes a useful measurement  tool for 

evaiuating atmospheric  wind s t ruc ture  of importance in m i s  s i ie  design and 

guidance. The recommended investigation should s t r ive ,  via theoret ical  

and/or  experimental  means,  to define the following elements : 

1. 

2. 

3 .  

4. 

5. 

6 .  

7. 

8. 

Turbulence intensity and variations with altitude. 

Scale s ize  of turbulence ve r sus  altitude. 

Relationship between turbulence and propert ies  of the average 

velocity profile (wind magnitude, shea r ) .  

Turbulence behavior with reference to a s ta t ionary random process .  

Variations of the mean and of the var iance ( ) of the horizontal 

wind with t ime. 

Variations of the mean and of the variance of the horizontal wind 

with distance. 

Relationship between the variance of a velocity distribution and 

mean  wind magnitude. 

Consolidation of mean wind, wind shea r ,  and turbulence charac-  

t e r i s t i c s  into rational c r i t e r i a  for  miss i le  response interpretation. 
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